
                                       AD_________________ 
 
 
Award Number:  DAMD17-03-1-0240 
 
 
 
TITLE:  Expression and Genomic Profiling of Minute Breast Cancer Samples 
 
 
 
PRINCIPAL INVESTIGATOR: G. Mike Makrigiorgos, Ph.D. 
 
 
                
CONTRACTING ORGANIZATION:  Dana Farber Cancer Institute 
                                                          Boston Massachusetts   02115    
 
REPORT DATE:  July 2006 
 
 
TYPE OF REPORT:  Final  
 
 
PREPARED FOR:  U.S. Army Medical Research and Materiel Command 
                               Fort Detrick, Maryland  21702-5012 
                 
 
DISTRIBUTION STATEMENT: Approved for Public Release;  
                                                  Distribution Unlimited 
 
 
The views, opinions and/or findings contained in this report are those of the author(s) and 
should not be construed as an official Department of the Army position, policy or decision 
unless so designated by other documentation. 



 

 

REPORT DOCUMENTATION PAGE 
Form Approved 

OMB No. 0704-0188 
Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining the 
data needed, and completing and reviewing this collection of information.  Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for reducing 
this burden to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA  22202-
4302.  Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a collection of information if it does not display a currently 
valid OMB control number.  PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS. 
1. REPORT DATE (DD-MM-YYYY)
01-07-2006 

2. REPORT TYPE
Final  

3. DATES COVERED (From - To)
1 Jul 2003 – 30 Jun 2006 

4. TITLE AND SUBTITLE 
 

5a. CONTRACT NUMBER 
 

Expression and Genomic Profiling of Minute Breast Cancer Samples 5b. GRANT NUMBER 
DAMD17-03-1-0240 

 5c. PROGRAM ELEMENT NUMBER 
 

6. AUTHOR(S) 
 

5d. PROJECT NUMBER 
 

 G. Mike Makrigiorgos, Ph.D. 5e. TASK NUMBER 
 

E-Mail:  mmakrigiorgos@yahoo.com  
 

5f. WORK UNIT NUMBER
 

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 
 

8. PERFORMING ORGANIZATION REPORT   
    NUMBER

Dana Farber Cancer Institute                                                            
Boston Massachusetts   02115

 
 
 
 

 
 
 

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’S ACRONYM(S)
U.S. Army Medical Research and Materiel Command   

Fort Detrick, Maryland  21702-5012   
 11. SPONSOR/MONITOR’S REPORT 
        NUMBER(S)
   
12. DISTRIBUTION / AVAILABILITY STATEMENT 
Approved for Public Release; Distribution Unlimited  
 
 
 

13. SUPPLEMENTARY NOTES
  

14. ABSTRACT  
 
To be able to apply the newest genetic analysis technologies in breast cancer research, enough DNA material must be available to perform this analysis.  
Often this is impossible with the minute amounts of tissue obtained via fine needle aspiration or laser capture microdissection – currently the best methods 
available for removal of small amounts of tissue. Therefore whole genome-based DNA amplification techniques (e.g. PCR) are essential. The aim of this 
proposal was to evaluate a newly developed method, balanced PCR, which overcomes the difficulty of non-linear PCR-amplification of complex genomes and 
faithfully retains the difference among corresponding genes or gene fragments. In the three years of work we demonstrated the application of balanced PCR in 
performing genomic profiling of breast CA cell lines and samples (part of Tasks 2 and 3).  In the second year we demonstrated the application of the method 
for gene expression profiling of breast CA cell lines (Task 1). This report describes the work conducted over the three years. 

15. SUBJECT TERMS  
Molecular biomarkers; Genomics; whole genome amplification; Breast cancer 

16. SECURITY CLASSIFICATION OF: 
 

17. LIMITATION  
OF ABSTRACT

18. NUMBER 
OF PAGES

19a. NAME OF RESPONSIBLE PERSON
USAMRMC  

a. REPORT 
U 

b. ABSTRACT
U 

c. THIS PAGE
U 

 
UU 

 
70 

19b. TELEPHONE NUMBER (include area 
code)
 

 Standard Form 298 (Rev. 8-98)
Prescribed by ANSI Std. Z39.18

mailto:mmakrigiorgos@yahoo.com


 
 
 

Table of Contents 
 

 

 

Introduction…………………………………………………………….…………....4 

 
Body…………………………………………………………………………………….5 
 
Key Research Accomplishments………………………………………….………12 
 
Reportable Outcomes……………………………………………………………….12 
 
Conclusions…………………………………………………………………………..13 
 
References……………………………………………………………………………13 
 
Appendices……………………………………………………………………………   
           



1. INTRODUCTION 

 

Genetic and gene expression profiling–based diagnosis promises to refine (1) and potentially 

revolutionize (2) the existing cancer staging system and the management of early disease.  Microarray-

based gene expression profiling and Array-based Comparative Genomic Hybridization (array-CGH) 

offers global views of cancer genomes and transcriptomes by detecting amplification or deletion of 

cancer genes (3-10), whereas techniques like real time PCR (11) can be used for validation and 

quantification of the identified genomic changes.   

 

However, such multiplexed analysis of genetic/gene expression changes in tumors requires ‘µgs’ of pure 

tumor DNA/cDNA (12,13).  Routine tumor biopsies often consist of heterogeneous mixtures of stromal 

cells plus tumor cells with a wide range of genetic/gene expression profiles (14).  Techniques such as 

Fine Needle Aspiration (FNA) and Laser Capture Microdissection (LCM), allow for removal of minute 

amounts of fresh or archived tumor tissue (14), thereby isolating  homogeneous populations of normal or 

tumor cells (15-17).   DNA/RNA extracted from such small number of cells has to be amplified to 

provide sufficient material for microarray screening.  Whole genome/transcriptome amplification may 

be carried out via conventional PCR.  In fact, PCR may amplify whole genomic DNA from as little as a 

single cell (13,18).  However, the exponential mode of DNA amplification, the concentration-dependent 

PCR saturation and the lack of reproducibility due to stray impurities are notorious for the introduction 

of bias (11).  The aim of this proposal is to evaluate our newly developed method, balanced PCR, which 

overcomes the difficulty of non-linear PCR-amplification of complex genomes and faithfully retains the 

difference among corresponding genes or gene fragments.   

 

The work conducted during the three years of research lead to the optimization of balanced PCR for (a) 

performing unbiased array-CGH profiling from fresh, as well as paraffin-embedded DNA and (b) 

performing unbiased gene expression profiling in cDNA obtained from breast cancer cells.  The lowest 

amount of starting RNA/cDNA material for which the method is reliable was defined and a direct 

comparison of balanced PCR with two other methods for whole genome/transcriptome amplification 

was conducted.  The results are summarized  below. 

 

2. BODY 

 4



 

The work during the three years of research focused towards realizing Tasks 1-3 in the approved 

Statement of Work.  

 

METHODS.   

 

(a) Balanced PCR on genomic DNA, followed by array-CGH:  

 

Cell lines and genomic DNA: Breast cancer cells BT-474 and Human Mammary Epithelial Cells 

(HMEC) were obtained from the American Type Culture Collection, (Manassas, VA) and from 

Cambrex (Rockland, ME) respectively, and were cultured per company’s recommendations.  Total 

genomic DNA was then isolated from cultured cells using the QIAamp DNA Mini Kit (QIAGEN, 

Valencia, CA).   Genomic DNA from paraffin-embedded tissue was extracted using the Qiagen 

EZ1 paraffin kit. 

Single tube procedure for balanced-PCR: The linkers and primers used for the balanced-PCR 

protocol in Figure 1 were synthesized by Oligos Etc. Inc (Oregon, USA) and are depicted in Table I.  

A single tube procedure was used for digestion and ligation of BT474 (‘target’) and HMEC 

(‘control’) genomic DNA with genome-specific linkers.  Genomic DNA (5 ng) was digested in a 5 

µl total reaction volume using restriction enzyme Nla-III (10 units/µl stock, 370C, 2 hours, New 

England Biolabs, Beverly, MA) in 1x buffer (50 mM Tris-HCl, pH 7.5, 10  mM MgCl2 ,10 mM 

DTT, 1 mM ATP, 25 µg/ml BSA).  Nla-III was subsequently inactivated by incubation at 70o C for 1 

hour.  Composite linkers LN1 and LN2 (0.3 µl from a 2.8 µg/µl stock in a 10 µl reaction volume) 

were then ligated to DNA from BT474 (target) and HMEC (control) cells, respectively, using T4 

DNA ligase (New England Biolabs) at room temperature for one hour.  After inactivation of ligase at 

650 C for 40 minutes, the linker-ligated target and control DNAs were mixed. The DNA mixture was 

PCR-amplified using the common oligonucleotide P1 in a Tech-Gene  PCR thermocycler 

(TECHNE, Princeton, NJ) with Advantage 2 DNA polymerase (BD Biosciences, NJ).  

Thermocycling conditions were: 8 min at 720C; 1 min at 950C; 20 x (30s at 950C and 60 s at 720 C); 

5 min at 720 C. Following thorough DNA purification with QIAquick PCR Purification Kit to 

remove unincorporated primer P1, PCR products were quantified using a PicoGreen assay 

(Molecular Probes, Eugene,OR). To re-separate PCR products originating from target and control 
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genomes, a low-yield PCR reaction was carried out using primers P2a (BT474 target genome) or 

P2b (HMEC control genome) which contain two-nucleotide ‘tags’ at their ends that distinguish the 

two genomes.  In each reaction, 1-2 ng from the first PCR product was amplified using the Titanium 

PCR kit (BD Biosciences, NJ) with following thermocycling conditions: 1 min at 950C; 10 x (30 s at 

950C and 60 s at 720C); 5 min at 720C.  Alternatively, instead of BT474 DNA, the target DNA used 

for balanced-PCR amplification was DNA (10 µg) extracted from paraffin-embedded tissue. 

Quantitation using real time (TaqMan) PCR: Real time PCR, TaqMan (33) assays, were 

performed to determine the relative copy number of specific genes in target DNA (BT474 or DNA 

from paraffin-embedded tissue) relative to control DNA (HMEC) for unamplified genomic DNA, 

balanced-PCR amplified DNA and MDA-amplified DNA.  TaqMan assays were performed using 

AmpliTaq Gold (Applied Biosystems, Foster City, CA) in an ABI Prism 7900HT detection 

system.  Some experiments were also performed using Platinum Taq DNA Polymerase (Invitrogen, 

CA) in a Smart-Cycler (Cepheid, Sunnyvale, CA).  Primers and probes for exonic regions of 

thirteen genes (Table I) were designed using Oligo software (v. 6.65, Molecular Biology Insights 

Inc., West Cascade, CO) and PrimerExpress software (Applied Biosciences, ABI, Foster City, CA) 

and were obtained from Bioresearch Technologies (Novato, CA).  Three independent triplicates of 

quantitative PCR experiments were performed for each gene to generate an average relative copy 

number and standard deviation.  For each triplicate, 3 ng of DNA was added to a final volume of 70 

µl with a final concentration of 1xABI TaqMan master mix, 4 µM each primer, and 2 µM probe. 

This reaction mix was split into three different 20 µl PCR reactions and thermo-cycled.  The cycling 

program was 500C 2 minutes 1 cycle, 950C for 10 minutes 1 cycle, and 40 cycles at 950 C for 15 

seconds and 600C for 1 minute.  The relative genomic copy number was calculated using the 

comparative threshold (Ct) method (11).   

Array-CGH using cDNA microarrays: Array-based comparative genomic hybridization (Array-

CGH) was performed on Agilent Human 1 cDNA arrays using Nla-III digested DNA from 

unamplified BT474 and HMEC genomic DNA, balanced-PCR-amplified DNA, and MDA-amplified 

DNA.  Alternatively, BT474 DNA was replaced with paraffin-extracted DNA.  Further details on the 

experimental methods applied can be found in the accompanying paper, published in Nucleic Acids 

Research (19)-copy Appended.  

 

(b) Balanced PCR on cDNA, followed by gene expression profiling on microarrays:  
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cDNA synthesis from total RNA: 10 µg of total RNA from the BT474 breast cancer cell 

line and StratRef RNA (Stratagene, La Jolla, CA), was reverse transcribed using 

Stratascript RT (Stratagene, La Jolla, CA) in the presence of 10 µg of random hexamer 

(Amersham Pharmacia) and oligo d(T)24NN. 

Microarrays.  The 20,862 cDNAs used in these studies were from Research Genetics 

(Huntsville, AL).  On the basis of Unigene build 166, these clones represent 19,740 

independent loci.  All clones corresponding to gold standard QPCR assays were sequence 

verified.  Hybridization, washing, scanning and primary data analysis was performed as 

described 22; www.microarrays.org). 

Microarray Data analysis:  Hierarchical clustering.  Gene expression was analyzed 

with Cluster 23 using the average linkage metric, and displayed using Treeview 

(http://rana.lbl.gov/EisenSoftware.htm).  Genepix median of ratio values from the 

experiment were subjected to linear normalization in NOMAD (http://derisilab.ucsf.edu), 

log-transformed (base 2) and filtered for genes where data were present in 80% of 

experiments, and where the absolute value of at least one measurement was > 1. 

Statistical analysis for microarrays (SAM) analysis.  After linear normalization, log 

(base 2) transformation, and hierarchical clustering, the total RNA cluster dataset was 

imported into the SAM software package.  One class analysis was performed to identify 

genes representative of StratRef and genes representative of BT474 (with 2-4 fold 

differences in expression).  Data was censored if more than one data value was flagged in 

each group to eliminate poor quality array data.  Delta was chosen to limit the output 

gene list so that less than 1% predicted false positives would be included.  

Statistics: Pearson correlation coefficients comparing microarray and QPCR gene 

expression measurements were made in Excel (Microsoft, Redmond, WA).  Global 

Pearson correlation coefficients for microarrays were calculated using the statistical 

software package R (http://www.r-project.org/). Further details on the experimental 

methods can be found in the accompanying Manuscript In Preparation (see Appendix).  

3. RESULTS.   
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a. Array-CGH studies for fresh and paraffin samples, following balanced-PCR amplification of 

genomic DNA. 

 

Reproducibility of array-CGH profiling.   

 

To evaluate the reproducibility of the overall procedure -balanced-PCR amplification plus array-CGH 

screening-, the experiment was repeated two independent times starting from 5 ng each HMEC and 

BT474 DNA.  The results from replicate experiments were compared to derive an estimate of the 

combined errors due to random variations in the efficiency of digestion, ligation and balanced-PCR 

amplification, and signal differences/defects of individual cDNA microarrays.  A generally good 

agreement was demonstrated between replicate experiments as depicted for chromosomes 17 and 20 in 

Figure 1.  Concordance between the two sets of data was R2 = 0.51, which increased substantially if 

nearest neighbor averaging was applied to the data (R2 = 0.71, 0.79, 0.87 for averaging signals by 2, 5, 

and 12 nearest neighbors along each chromosome).  Whether signals from neighbor chromosomal sites 

were averaged or not, genomic loci with relatively high gene-dosage alterations could still be detected 

with high reproducibility among different experiments (vide infra).  These results indicate that the array 

signals tend to fluctuate randomly and signal variability is similar to the previously reported levels for 

replicate array-CGH experiments (21).  To balance the need of improving signal reproducibility and 

preserving the highest resolution that microarrays can offer, a 2-nearest neighbor averaging was applied 

in array-CGH data analysis.  By following this approach it was estimated that the average distance 

between successive chromosomal regions in the resulting datasets is about 300 kb. 

 

Screening of DNA from formalin-fixed, paraffin-embedded tissue, following balanced-PCr 

amplification.  

DNA obtained from paraffin-embedded tissues was either used directly (unamplified) for array-CGH or 

real time PCR screening, or was first amplified via balanced-PCR or MDA and subsequently screened 

using HMEC DNA as the co-amplified control.  DNA obtained from formalin-fixed samples and 

amplified via balanced-PCR demonstrated amplification efficiency similar to that obtained from cell 

lines.  The array-CGH profiling successfully revealed the main features obtained from direct screening 

of unamplified samples.  A typical result obtained from FFPE samples is depicted in Figure 2.  In Frame 

A, the DNA fragmentation associated with the formalin treatment is depicted.  In Frame B, all 23 
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chromosomes are depicted and regions of amplification in chromosomes 4 and X are indicated.  In 

Frame C the chromosomal region from chromosome 4 flanking the amplified region of interest (~7 Mb 

long) is depicted.  Similarly, when examined via Taqman real time PCR, samples amplified via 

balanced-PCR demonstrated concordance with unamplified DNA for 8 out of 9 genes examined (Figure 

2, D).  In contrast, MDA universally generated low or insignificant amplification of formalin-fixed DNA 

and array-CGH/real time PCR screening failed to produce substantial signals.   

 

In summary, we demonstrated a balanced-PCR procedure that allows unbiased amplification of genomic 

DNA from fresh or paraffin-embedded DNA samples.  We demonstrated genome-wide retention of the 

differences among alleles following balanced-PCR amplification of DNA from breast cancer and normal 

human cells and genomic profiling by array-CGH (300kb resolution) and by real time PCR (single gene 

resolution).  Comparison of balanced-PCR with multiple displacement amplification (MDA) 

demonstrates equivalent performance between the two when intact genomic DNA is used.  When DNA 

from paraffin-embedded samples was used, only balanced PCR overcomes problems associated with 

formalin fixation and produces unbiased amplification.  Balanced-PCR allowed amplification and 

recovery of partially degraded genomic DNA from formalin-fixed samples for subsequent retrospective 

analysis of human tumors with known outcomes.  

 

b. Gene expression profiling studies.  

 

To evaluate more accurately the value of balanced-PCR, we compared it with two established RNA 

amplification strategies, modified T7 linear amplification14-18, and Arcturus RiboAmp HS linear 

amplification (Arcturus, Mountain View, CA). We used a cDNA microarray platform containing 20,620 

clones representing 19,700 distinct genes for hybridizations of Stratagene Universal Human Pooled 

Reference RNA (StratRef), a pool of 11 cells line RNAs, compared to BT474 breast cancer cell line 

RNA using each of the amplification methods.  The results (Figure 3) demonstrate agreement between 

the data obtained from unamplified DNA, balanced-PCR and the two established methods, modified T7 

and Arcturus.  Table 1 analyzes the cost associated with each method.  Balanced-PCR is significantly 

less expensive than the other two amplification methods. 
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In summary, RNA amplification technologies serve translational clinical research well.  Already, linear 

amplification has enabled examination of gene expression in clinical core needle biopsies (20,21) fine 

needle aspirates (21) and even single human cells (22).  Our results demonstrate that balanced-PCR 

amplification is reproducible, and highly correlated with gold standard quantitative PCR measurements 

using picogram-range RNA samples.  Balanced PCR displays similar accuracy as established RNA 

amplification methods while it is rapid, more convenient to use and of lower cost.  We predict that 

balanced-PCR will be used widely by investigators studying fresh or fixed breast CA tissues or 

circulating tumor cells, and will allow answering important questions by enabling analysis of samples 

previously considered to be of insufficient quantity for expression array analysis.   

 

5. KEY RESEARCH ACCOMPLISHMENTS 

 

a. It was verified that starting from 5-10 ng DNA obtained from breast cancer cell lines, 

whole genome amplification via balanced PCR allows successful screening via comparative genomic 

hybridization. 

b. Using 10 ng DNA extracted from breast cancer biopsies embedded in paraffin, it was 

demonstrated that balanced PCR is uniquely applied to perform unbiased whole genome amplification. 

c. It was verified that using total RNA obtained from breast cancer cell lines, whole 

transcriptome (cDNA) amplification via balanced-PCR allows successful screening via gene expression 

microarrays and via Taqman real time PCR assays.   

d. The minimum amount of input total RNA that is required for successful downstream 

analysis following balanced PCR is 500 pg. 

e. Balanced-PCR compares favorable in performance with 2 established, commercial 

RNA amplification methodologies (Arcturus and Modified T7) while it is more rapid, convenient and of 

lower cost. 

f. Ongoing work: A no-cost extension has been requested to allow us to finalize the 

balanced-PCR evaluation and optimization.  In the next few months, the limits of the technology will be 

pushed even further to be able to amplify lower starting amount material and highly degraded FFPE 

samples (dating at least 15 years old for which the clinical outcome is already known) and perform 

genomic and gene expression profiling on them, which will be invaluable for identification of new 

cancer biomarkers. 
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6. LIST OF REPORTABLE OUTCOMES/BIBLIOGRAPHY 

 

Wang G, Brennan C, Rook M, Wolfe J, Leo C, Chin L, Pan H, Liu W, Price B, and Makrigiorgos GM.  

Balanced-PCR amplification allows unbiased identification of genomic copy changes in minute cell and 

tissue samples. Nucleic Acids Research, 2004; 32:e76 –Appended. 

 

Wang G, Price B and Makrigiorgos GM.  PCR-based amplification method of retaining the quantitative 

difference between two complex genomes.  In Cell Biology: A laboratory handbook, 3rd Edition, Julio 

Celis, Editor, Elsevier Publishing, London, UK, (2005) (Review)-Appended. 

 

Jin Li and G.M. Makrigiorgos, Whole genome amplification technologies for screening cancer 

biomarkers in fresh or paraffin tissue samples and in bodily fluids in breast CA. Era of Hope meeting, 

June 8-11 2005, Department of Defence Breast Cancer Research Meeting, Philadelphia, PA (Lecture). 

 

Paper in preparation: A Comparison of RNA Amplification Techniques at Low-Input Concentration 

(Appended).  

 

7. CONCLUSION 

 

We have optimized the balanced-PCR whole genome amplification as well as the whole-transcriptome 

amplification methodology and shown its effectiveness in measuring array-comparative genomic 

hybridization, gene expression via microarrays and real time PCR.  This method should allow effective 

amplification of cDNA from breast CA cell lines, fresh and paraffin-embedded tissues and the study of 

cancers when tissue is limited.  Further applications in pre-implantation diagnosis and biotechnology can 

be envisioned. 
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Figure 1.  Reproducilibity of array-CGH screening of samples amplified via balanced-PCR.  In two independent experiments,
genomic DNA from BT474 and HMEC cells was amplified via balanced-PCR and then screened on different human cDNA microarrays. 
Fold change versus chromosomal position for chromosomes 17 (481 genes) and 20 (218 genes) are depicted.



-6

-5

-4

-3

-2

-1

0

1

2

3

4

5

6

-3

-2

-1

0

1

2

3

4

   
   

   
 F

ol
d 

ra
tio

,
pa

ra
ffi

n 
sa

m
pl

e 
vs

. H
M

EC

D

10kb

3kb

10kb

3kb

region of chromosome 4A

Formalin-fixed sample: all chromosomes

MDA (no amplification obtained)

Balanced-PCR amplified

Unamplified

HER2 E2F EGF  IL9RMYC TFR TOP  TBP CYC
0.1

1

10

Fo
ld

 c
ha

ng
e,

 
pa

ra
ffi

n 
sa

m
pl

e 
vs

 H
M

EC
(lo

g2
 ra

tio
)

 UNAMPLIFIED
 BALANCED PCR
 MDA 

C

Figure 2

Fo
ld

 c
ha

ng
e,

 
pa

ra
ffi

n 
sa

m
pl

e 
vs

 H
M

EC
(lo

g2
 ra

tio
)

B

7 Mb

Balanced-PCR amplified (repeat)

Balanced-PCR amplified

Unamplified

Expanded region of chromosome 4

Figure 8. Screening of DNA from paraffin-embedded DNA.  A: Agarose gel profiling of FFPE sample. B: Array-CGH screening of all 23
chromosomes using unamplified DNA (top curve), balanced-PCR-amplified DNA (middle curve) and MDA amplified DNA (bottom curve).  
C: Chromosome 4 area of interest, indicating a 7 MB amplification region in the unamplified and the balanced-PCR amplified sample. 
D: evaluation of single genes using unamplified DNA, balanced-PCR amplified DNA and MDA-amplified DNA using Taqman real time PCR.



C lu s te r A n a lys is  o f 1 7  A rra ys  fo r 2 0 9 8  G en es * C om p arin g  A m p li fica tion  
T ech n iq u es u sin g  B T 4 7 4  vs  S tra tR ef

U n -
a m p lifie d

M o dified
T 7 A r c tur us B a lanc ed  P C RL e ge nd

=  u n de r exp ressed  
in  sa m p le  vs
S tra tR e f

=  o ve r e xpresse d  
in  sa m p le  vs
S tra tR e f

1 0  u g  U n -am p lifi ed  T ota l
R N A  p r im ed  w ith  D T T 7  +

ran d om  h ex am ers

M od ified  T 7  
A m p lified  from  

5 0 0  p g  – 1 n g tota l R N A
A rc tur us A m p lified
R ib oA m p H S  fr o m  

2 5 0 p g  – 1 n g  tota l R N A

B ala n ced  P C R
A m p lified  from  

5 0 0 p g -3 .3 3  n g  cD N A

* pa ssed  q u a lity  f ilters (> 2 fo ld  
exp re ss ion , spo t  in ten s ity> 6 0 0 )

Figure 3



Table 1 Comparison of Expenses for 3 Amplification Techniques  

   
     
Balanced pcr expenses   
Reagent  Unit Price Expense/sample
AdvantageII $380/100x $1.90
Titanium   $260/100x $15.60
Ligase  $176/50ul $0.88
NLAIII  $40/50ul $0.20
Qiagen  $68/50x $2.72
Oligo+primers $168 $0.50

Total cost/reaction for reagents 

$21.80
x 2 (sample 
+reference)

$43.60
Tech time    1 day  $131.15

Direct Labeling of balanced pcr product  
BioPrime  $238/kit $13.60
Cy3dUTP  $435 $70.83
Cy5dUTP  $435 $70.83
dNTP's 10mM $178 $0.01
Qiagen  $68/50x $2.72
Cot  $145/500uL $2.46
Quia quick  $77 $1.54
Tech time     2 hours  $32.78
Total for labeling reagents    $161.99
Total cost/reaction (amplification and 
labelling) reagents   $205.59
Arcturus expenses   

RiboAmpHS kit reagents $695/5 samples  

$139.00
x 2 (sample 
+reference)

$278.00
Tech time     2 days  $262.30
RT    
N6 hexamers $134 makes 1ml $0.23
Stratascript RT $160 200 ul $2.40
aa dUTP  $83/mg makes 100ul $0.50
Microcon 30 $214 $2.14
Cot  $145/500uL $2.46
Cy3  $216 $18.00
Cy5  $216 $18.00
Quia quick  $77 $1.54
Tech time     1 day  $131.15
Total for labeling reagents    $45.27
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ABSTRACT

Analysis of genomic DNA derived from cells and
fresh or ®xed tissues often requires whole genome
ampli®cation prior to microarray screening.
Technical hurdles to this process are the introduc-
tion of ampli®cation bias and/or the inhibitory
effects of formalin ®xation on DNA ampli®cation.
Here we demonstrate a balanced-PCR procedure
that allows unbiased ampli®cation of genomic DNA
from fresh or modestly degraded paraf®n-embedded
DNA samples. Following digestion and ligation of a
target and a control genome with distinct linkers,
the two are mixed and ampli®ed in a single PCR,
thereby avoiding biases associated with PCR satur-
ation and impurities. We demonstrate genome-wide
retention of allelic differences following balanced-
PCR ampli®cation of DNA from breast cancer and
normal human cells and genomic pro®ling by array-
CGH (cDNA arrays, 100 kb resolution) and by real-
time PCR (single gene resolution). Comparison of
balanced-PCR with multiple displacement ampli®ca-
tion (MDA) demonstrates equivalent performance
between the two when intact genomic DNA is used.
When DNA from paraf®n-embedded samples is
used, balanced PCR overcomes problems associ-
ated with modest DNA degradation and produces
unbiased ampli®cation whereas MDA does not.
Balanced-PCR allows ampli®cation and recovery of
modestly degraded genomic DNA for subsequent
retrospective analysis of human tumors with known
outcomes.

INTRODUCTION

Genetic pro®ling-based diagnosis promises to re®ne (1) and
potentially revolutionize (2) the existing cancer staging

system and the management of early disease. Array-based
comparative genomic hybridization (array-CGH) offers global
views of cancer genomes by detecting ampli®cation or
deletion of cancer genes (3±10), whereas techniques like
real-time PCR (11) can be used for validation and quanti®-
cation of the identi®ed genomic changes.

However, such multiplexed analysis of genetic changes in
tumors requires `micrograms' of pure tumor DNA (12,13).
Routine tumor biopsies often consist of heterogeneous
mixtures of stromal cells plus tumor cells with a wide range
of genetic pro®les (14). Techniques such as ®ne needle
aspiration and laser capture microdissection (LCM), allow for
removal of minute amounts of fresh or archived tumor tissue
(14), thereby isolating homogeneous populations of normal or
tumor cells (15±17). DNA extracted from such a small number
of cells has to be ampli®ed to provide suf®cient material for
microarray screening. Whole genome ampli®cation may be
carried out via conventional PCR. In fact, PCR may amplify
whole genomic DNA from as little as a single cell (13,18).
However, the exponential mode of DNA ampli®cation, the
concentration-dependent PCR saturation and the lack of
reproducibility due to stray impurities are notorious for the
introduction of bias (11). Consequently, different quantitative
relationships between two genes are usually observed before
and after PCR ampli®cation. Whole genome ampli®cation
methods other than PCR have been described [reviewed in
(19)], including the promising multiple displacement ampli-
®cation (MDA) (20). MDA operates on long DNA templates
and produces linearly ampli®ed genomic DNA when starting
from intact genomes obtained from cell cultures or fresh
tissue. However, the ampli®cation ef®ciency of MDA is
diminished as the molecular weight of the starting material
decreases, which is problematic for ampli®cation of formalin-
®xed archival DNA or low molecular weight DNA from
deteriorated forensic samples (21).

Here we describe a PCR-based approach to amplify
genomic DNA of two different origins, one from cancer
cells and another from normal cells. This method does not
require intact, long genomic DNA as starting material and
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allows removal of ampli®cation bias caused by PCR saturation
and impurities down to the single gene level. Genomic DNA is
®rst digested with a 4 bp cutting restriction nuclease.
Following ligation of composite linkers to the two DNAs,
the samples are mixed and PCR ampli®ed in a single tube
(Fig. 1). The single tube ampli®cation of the mixed samples is
aimed at eliminating PCR biases related to PCR saturation and
impurities, since the polymerase cannot distinguish among
alleles originated from normal or cancer genomes. A nested,
genome-speci®c primer is subsequently used in a low-yield,
second PCR to re-separate DNA fragments from the two
original genomes on the basis of nucleotide `tags' incorpor-
ated in the composite linkers. We previously demonstrated the
utility of this balanced-PCR approach for the unbiased
ampli®cation of cDNA prior to gene expression microarray
screening (22). The increased complexity of genomic DNA
relative to cDNA required modi®cation of our original
approach. We describe an improved single tube procedure
that allows application of balanced-PCR to genomic DNA
obtained from about 1000 cells, and we demonstrate its use for
array-CGH and real-time PCR quanti®cation of gene copy
numbers from normal and breast cancer cells and for modestly
degraded DNA obtained from paraf®n-embedded tissue.

MATERIALS AND METHODS

Cell lines and genomic DNA

Breast cancer cells BT-474 and human mammary epithelial
cells (HMEC) were obtained from the American Type Culture
Collection (Manassas, VA) and from Cambrex (Rockland,
ME), respectively, and were cultured as per the companies'
recommendations. Total genomic DNA was then isolated
from cultured cells using the QIAampÔ DNA Mini

Kit (Qiagen, Valencia, CA). Genomic DNA from
paraf®n-embedded tissue was extracted using the Qiagen
EZ1Ô paraf®n kit.

Single tube procedure for balanced-PCR

The linkers and primers used for the balanced-PCR protocol in
Figure 1 were synthesized by Oligos Etc. Inc. (Wilsonville,
OR) and are depicted in Table 1. A single tube procedure was
used for digestion and ligation of BT474 (`target') and HMEC
(`control') genomic DNA with genome-speci®c linkers.
Genomic DNA (5 ng) was digested in a 5 ml total reaction
volume using restriction enzyme NlaIII (10 units/ml stock,
37°C, 2 h; New England Biolabs, Beverly, MA) in 13 buffer
(50 mM Tris±HCl, pH 7.5, 10 mM MgCl2, 10 mM DTT, 1 mM
ATP, 25 mg/ml BSA). NlaIII was subsequently inactivated by
incubation at 70°C for 1 h. Composite linkers LN1 and LN2
(0.3 ml from a 2.8 mg/ml stock in a 10 ml reaction volume) were
then ligated to DNA from BT474 (target) and HMEC (control)
cells, respectively, using T4 DNA ligase (New England
Biolabs) at room temperature for 1 h. After inactivation of
ligase at 65°C for 40 min, the linker-ligated target and control
DNAs were mixed.

The DNA mixture was PCR-ampli®ed using the common
oligonucleotide P1 in a Tech-GeneÔ PCR thermocycler
(Techne, Princeton, NJ) with Advantage 2 DNA polymerase
(BD Biosciences, Palo Alto, CA). Thermocycling conditions
were: 8 min at 72°C; 1 min at 95°C; 20 3 (30 s at 95°C and
60 s at 72°C); 5 min at 72°C. Following thorough DNA
puri®cation with a QIAquickÔ PCR Puri®cation Kit to
remove unincorporated primer P1, PCR products were quan-
ti®ed using a PicoGreen assay (Molecular Probes, Eugene,
OR). To re-separate PCR products originating from target and
control genomes, a low-yield PCR was carried out using
primers P2a (BT474 target genome) or P2b (HMEC control

Figure 1. Protocol used for the unbiased ampli®cation of two genomic DNAs via balanced-PCR.
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genome) which contain two-nucleotide `tags' at their ends that
distinguish the two genomes. In each reaction, 1±2 ng from the
®rst PCR product was ampli®ed using the Titanium PCR kit
(BD Biosciences) with the following thermocycling condi-
tions: 1 min at 95°C; 10 3 (30 s at 95°C and 60 s at 72°C);
5 min at 72°C. Alternatively, instead of BT474 DNA, the
target DNA used for balanced-PCR ampli®cation was DNA
(10 ng) extracted from paraf®n-embedded tissue.

The ef®ciency of NlaIII was routinely monitored during
balanced-PCR, as previously described (22), and we have
found that restriction digestion is >95% complete. The ligation
ef®ciency was also monitored; however, this is somewhat less
critical, since every sample is normalized to internal house-
keeping genes (GAPDH) and therefore a reduced ligation

ef®ciency should affect both the housekeeping gene ampli®-
cation and the particular gene tested.

Multiple displacement ampli®cation (MDA)

MDA was performed for target (BT474) and control (HMEC)
genomic DNAs using the Repli-gÔ whole genome
ampli®cation kit (Molecular Staging, New Haven, CT)
according to kit instructions. Brie¯y, 5 ng of either BT474
or HMEC genomic DNA was brought to a ®nal volume of
2.5 ml with sterile, distilled water. A reaction master mix was
prepared by adding 12.5 ml of 43 mix, 0.5 ml of DNA
polymerase mix and 34.5 ml of sterile, distilled water. The
reaction master mix was added to the DNA, and samples were
incubated at 30°C for 16 h, following which the enzyme was

Table 1. Linkers, probes and primers for PCR

Linkers and primers for balanced PCR

LN1 AACTGTGCTATCCGAGGGAAAGGACATG
LN2 AACTGTGCTATCCGAGGGAAAGAGCATG
P1 AGGCAACTGTGCTATCCGAGGGAA
P2a AACTGTGCTATCCGAGGGAAAGGA
P2b AACTGTGCTATCCGAGGGAAAGAG

Name, GI no. Real-time PCR primers and probes

HB-EGF, 29735304 Forward CCCCAGTTGCCGTCTAGGA
Reverse CGGACATACTCTGTTTGGCACTT
Probe CCCATAATTGCTTTGCCAAAATACCAGAGC

HER2, 29739994 Forward GGATGTGCGGCTCGTACAC
Reverse TGACATGGTTGGGACTCTTGAC
Probe ACTTGGCCGCTCGGAACGTGC

IL9R, 29746178 Forward CCTTGTTGCTGTGTCCATCTTTC
Reverse CCTGGGCGACAGCTTGAA
Probe CCTGCTGACTGGCCCGACCTACC

E2F1, 17458490 Forward TGGCTGGGCGTGTAGGA
Reverse CGCTCCATTAAAGCTTCAATCA
Probe AGAGCACTTCTGTCTTAAAGGTTTTTT

TBP, 27484631 Forward GGGCATTATTTGTGCACTGAGA
Reverse AGCAGCACGGTATGAGCAACTGTCAGA
Probe CACCGCGCAGCGTGACTGT

RAN, 34194620 Forward TGGAGCCCAGCGTCAGA
Reverse CGCTGCACCGCTGACAT
Probe TCTAGTTTTATAGGCAGCTGTCCTGT

TOP1, 17484369 Forward GACAGCCCCGGATGAGAAC
Reverse AAGAATTGCAACAGCTCGATTG
Probe TCCCAGCGAAGATCCTTTCTTATAACCGTG

TFR, 29728873 Forward GCCAATGAGGTCTGAAATGGA
Reverse GGCCTTATTCCTGCAATCAACA
Probe CTTCTGCTGGATAAAATGAGGTTCAA

CYC, 29745697 Forward GCCATGGAGCGCTTTGG
Reverse TCCACAGTCAGCAATGGTGATC
Probe TCCAGGAATGGCAAGACCAGCAAGA

GAPDH, 29744218 Forward CGTCCTTGACTCCCTAGTGTC
Reverse CCGTAAAACCGCTAGTAGCC
Probe ATGGGAGGTGATCGGTGCTGGTT

HoxB5, 29738788 Forward CCGAGAAGGAGTTTACAAAGT
Reverse CGCATACATAGCAAAACGAA
Probe CTTGATTTGTGGATCGTGGTCGTTA

PCK1, 17484369 Forward CGAGAGAGAGATCCTTGCCTT
Reverse TTCAGATCTGCTCACGGTGT
Probe CAGTAGGAGCAAGAGAGGGCAAGTGTT

RAE1, 17484369 Forward TATTTCCTATGTTTGGGGTG
Reverse CAAGACCCTTCTAAACCACT
Probe TGTACGAGTTGGTCTTAGCGGTATTG
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heat-denatured at 65°C for 3 min. The concentration of
ampli®ed samples was determined using a PicoGreen DNA
quanti®cation assay (Molecular Probes). Alternatively, the
target DNA used for MDA ampli®cation was DNA (50 ng)
extracted from paraf®n-embedded tissue.

Quantitation using real-time (TaqMan) PCR

Real-time PCR, TaqMan (23) assays, were performed to
determine the relative copy number of speci®c genes in target
DNA (BT474 or DNA from paraf®n-embedded tissue) relative
to control DNA (HMEC) for unampli®ed genomic DNA,
balanced-PCR ampli®ed DNA and MDA-ampli®ed DNA.
TaqMan assays were performed using AmpliTaq GoldÔ
(Applied Biosystems, Foster City, CA) in an ABI Prism
7900HT detection system. Some experiments were also
performed using Platinum Taq DNA Polymerase
(Invitrogen, Carlsbad, CA) in a Smart-CyclerÔ (Cepheid,
Sunnyvale, CA). Primers and probes for exonic regions of 13
genes (Table 1) were designed using Oligo software (v. 6.65,
Molecular Biology Insights Inc., West Cascade, CO) and
PrimerExpress software (Applied Biosciences, ABI, Foster
City, CA) and were obtained from Bioresearch Technologies
(Novato, CA). Three independent triplicates of quantitative
PCR experiments were performed for each gene to generate an
average relative copy number and standard deviation. For each
triplicate, 3 ng of DNA was added to a ®nal volume of 70 ml
with a ®nal concentration of 13 ABI TaqMan master mixÔ,
4 mM each primer and 2 mM probe. This reaction mix was split
into three different 20 ml PCRs and thermo-cycled. The
cycling program was one cycle at 50°C for 2 min, one cycle at
95°C for 10 min, and 40 cycles at 95°C for 15 s and 60°C for
1 min. The relative genomic copy number was calculated
using the comparative threshold (Ct) method (11). Brie¯y, the
threshold cycle (CT) for each gene was determined using the
thermocycler software and the average of three independent
Cts/DNA was calculated. The copy number of the target gene
normalized to an endogenous reference and relative to
calibrator is given by the formula 2±DDCT. GAPDH was used
as an endogenous reference, and DCT was calculated by
subtracting the average GAPDH CT from the average CT of
the gene of interest. A variety of calibrator DNAs were used to
calculate DDCT (DCT DNA of interest ± DCT calibrator DNA). For
BT474 or paraf®n samples ampli®ed via balanced-PCR, co-
ampli®ed HMEC DNA was used as a calibrator. For
unampli®ed BT-474 or unampli®ed paraf®n DNA, unampli-
®ed HMEC was used as calibrator. For MDA-ampli®ed
BT474 or paraf®n DNA, MDA-ampli®ed HMEC was used as
a calibrator.

Array-CGH using cDNA microarrays

Array-based comparative genomic hybridization (Array-
CGH) was performed on Agilent Human 1 cDNA microarrays
using NlaIII digested DNA from unampli®ed BT474 and
HMEC genomic DNA, balanced-PCR-ampli®ed DNA, and
MDA-ampli®ed DNA. Alternatively, BT474 DNA was
replaced with paraf®n-extracted DNA. For each labeling
reaction, 2 mg of digested DNA (ampli®ed or unampli®ed) was
used. Each sample pair was dye-swap labeled for hybridiza-
tion. Brie¯y, DNA samples (2 mg) were denatured in the
presence of Random Primer and Reaction Buffer (Invitrogen
BioPrime Labeling Kit) at 98°C for 5 min, and then cooled to

2°C for 5 min. The denatured sample was incubated with
Klenow fragment, dNTP mix (2.0 mM dATP dGTP dTTP,
1.0 mM dCTP in 10 mM Tris pH 8.0, 1 mM EDTA) and Cy3
or Cy5 dCTP nucleotides (1 mM; Perkin Elmer) for 2 h at
37°C. Reactions were terminated using EDTA (0.5 M, pH 8.0)
Cy3 and Cy5 reaction pairs (labeled pair = Cy5-sample:Cy3-
reference; reversed labeled pair = Cy3-sample:Cy5-reference)
were pooled, precipitated and resuspended in 18.5 ml of
0.514% SDS. Samples were mixed with blocking solution
concentrated from 50 ml of human Cot-1 DNA (1 mg/ml;
Gibco), 20 ml of yeast tRNA (5 mg/ml; Gibco) and 4 ml (dA)±
poly(dT) (5 mg/ml; Sigma). SSC was added to a ®nal
concentration of 3.43 and 2.5 ml of Deposition Control Target
(Operon) was added to a ®nal volume of 30 ml. For
hybridization, samples are denatured at 98°C for 2 min, then
cooled at 37°C for 30 min under light-protection with foil.
Labeled reactions in a volume of 27.5 ml were pipetted onto
Agilent Human 1 cDNA arrays. Hybridization was carried out
for 18±20 h in a 65°C water bath. After hybridization was
complete, arrays were washed in 23 SSC±SDS [100 ml of
203 SSC, 0.03% SDS (10%) (v/v)] at 65°C for 5 min,
followed by additional 5 min wash steps in 13 SSC, then 0.23
SSC, each at room temperature. After drying, hybridized
arrays were scanned on an Axon scanner and spot ®nding and
¯agging were accomplished using GenePix software. Custom
tools developed at the Belfer Center for Cancer Genomics
(C. Brennan and L. Chin, manuscript in preparation) including
cDNA-to-chromosome mapping, exclusion of non-reporters,
ratio calculation, normalization and visualization were used to
compile the CGH pro®les from these array data points.

RESULTS

Single tube balanced-PCR protocol

We explored the application of balanced-PCR to the ampli-
®cation of whole genomic DNA and the detection of changes
in gene copy number via array-CGH and real-time PCR. The
complex nature of genomic DNA required modi®cation of the
originally reported protocol developed for gene expression
pro®ling (22), and a single tube approach was employed for
DNA digestion and linker ligation. The single tube approach
results to higher reproducibility when working with small
amounts of DNA, since it avoids an intermediate puri®cation
step and is convenient to perform. NlaIII endonuclease is used
to digest DNA (Fig. 1) to generate fragments that contain
recessed 5¢ ends and 3¢ overhangs, which can be linker ligated
without addition of an adaptor. This design feature allows the
use of a single tube process without puri®cation, because PCR
artifacts are known to occur in the presence of excessive
adaptors. The linker length has been reduced to 28 bp from the
original 44 bp, since shorter linkers avoid PCR suppression
effects by reducing hairpin formation (24). Distinction
between the genome-speci®c primers P2a and P2b is based
on two nucleotide `tags' on their 3¢ end (5¢-AG-3¢ versus
5¢-GA-3¢; Fig. 1). The two base mismatch at the 3¢ end of the
primers P2a and P2b prevents P2a from amplifying sequences
from the LN1-ligated (target) genome and vice versa, while it
retains similarity in the remaining part of the primer sequence.
The lack of cross-talk between the genome-speci®c primers is
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demonstrated in Figure 2, where target and control genomic
DNA were ampli®ed as per the protocol in Figure 1 and then
separated using primers P2a and P2b (lanes 1 and 4,
respectively). The products of lanes 1 and 4 were subsequently
ampli®ed for 10 additional cycles using primers P2a and P2b
(lanes 2 and 3, respectively), i.e. the `wrong' primers. The lack
of product in lanes 2 and 3 demonstrates the speci®city of the
two primers, P2a and P2b, for their respective genomes.

Reproducibility of array-CGH pro®ling

To evaluate the reproducibility of the overall procedure-
balanced-PCR ampli®cation plus array-CGH screening, the
experiment was repeated two independent times starting with
5 ng each of HMEC and BT474 DNA. The results from
replicate experiments were compared to derive an estimate of
the combined errors due to random variations in the ef®ciency
of digestion, ligation and balanced-PCR ampli®cation, and
signal differences/defects of individual cDNA microarrays. A
generally good agreement was demonstrated between repli-
cate experiments as depicted for chromosomes 17 and 20 in
Figure 3. Concordance between the two sets of data was R2 =
0.51, which increased substantially if nearest neighbor aver-
aging was applied to the data (R2 = 0.71, 0.79 and 0.87 for
averaging signals by two, ®ve and 12 nearest neighbors along
each chromosome). Whether signals from neighbor chromo-
somal sites were averaged or not, genomic loci with relatively
high gene-dosage alterations could still be detected with high
reproducibility among different experiments (vide infra).
These results indicate that the array signals tend to ¯uctuate
randomly and signal variability is similar to the previously
reported levels for replicate array-CGH experiments (21). To
balance the need of improving signal reproducibility and
preserving the highest resolution that microarrays can offer, a
two-nearest neighbor averaging was applied in array-CGH
data analysis. By following this approach, it was estimated
that the average distance between successive chromosomal
regions in the resulting data sets is ~300 kb.

Genomic copy number screening (array-CGH) of breast
cancer cells

Gene copy number ratios in BT474 (target) and HMEC
(control) genomic DNAs were compared to each other prior to

and after balanced-PCR ampli®cation. First, 5 mg (~1 000 000
cells) of unampli®ed BT474 and HMEC genomic DNA was
directly labeled and hybridized to cDNA microarrays and the
resulting array-CGH pro®les of copy number ratios are shown
in Figure 4. The reported differences between the well studied
BT474 breast cancer cell line and normal human female
(HMEC) were reproduced in this comparison, including the
multiple ampli®cation regions in chromosomes 17q and 20q,
the ampli®cations in chromosomes 9, 11 and 14 and the
deletions in chromosome 10 previously observed by con-
ventional CGH (4,25) and array-CGH (5,26). Next, 5 ng
(~1000 cells) of genomic DNA from BT474 and HMEC cells
was ampli®ed using balanced-PCR and analyzed for com-
parative gene dosage via array-CGH (Fig. 5). The results
demonstrate an overall pattern of gene ampli®cations and
deletions resembling that of unampli®ed DNA (shaded areas
in Fig. 5). The comparison was also performed using MDA-
ampli®ed material and the concordance among balanced-PCR
ampli®ed, MDA-ampli®ed and unampli®ed samples was
further analyzed for chromosomes 17 and 20 where marked
gene dosage changes were observed. Figure 6 depicts two-
nearest neighbor-smoothed gene dosage data for target
(BT474) versus control female (HMEC) DNA for chromo-
somes 17 and 20 using these two ampli®cation methods. It is
evident that both balanced-PCR and MDA are capable of
reproducing the major genetic changes occurring in the
genome of the cancerous BT474 cells. For chromosome 17,
array-CGH data demonstrated a correlation coef®cient R2 =
0.67 (two-nearest neighbor averaging) and R2 =0.90 (12-
nearest neighbor averaging) when comparing fold change
using balanced-PCR-ampli®ed DNA with unampli®ed DNA.
The same analysis conducted using MDA-ampli®ed DNA
(Fig. 6) generated R2 = 0.77 (two-nearest neighbor averaging)
and R2 = 0.88 (12-nearest neighbor averaging). Comparable
levels of concordance were also derived by analysis on
chromosome 20. The concordance levels for balanced-PCR
and MDA are similar to the concordance observed in the
replicate-reproducibility studies depicted in Figure 3. Since
replicate balanced-PCR experiments generated similar levels
of concordance to that observed when ampli®ed and
unampli®ed samples are compared, it was concluded that the
two ampli®cation methods, balanced-PCR and MDA, did not
introduce substantial bias during DNA ampli®cation (i.e.
ampli®cation bias < array-CGH bias). Many of the genes
included in the ampli®ed regions of chromosomes 17 and 20
have a well established association with cancer. For example,
RAE 1, PCK, HOX and HER2 are highly ampli®ed in BT474
cells and are a prognostic marker for breast tumors (25,27,28).
Ampli®cation in these genes was clearly depicted among all
replicate experiments in the array-CGH data for both of the
ampli®cation methodologies tested.

Real-time PCR measurement of gene copy number in
target versus control cells

For many research and diagnostic applications, the array-
CGH-identi®ed gene copy number changes need to be further
veri®ed via real-time PCR. To evaluate the two ampli®cation
methodologies, balanced-PCR and MDA, on a gene-by-gene
level, we chose genes that are located in chromosomal regions
where gene ampli®cation was observed in array-CGH pro®l-
ing: HER2, PCK, RAE and HOX. Genes were also selected

Figure 2. Evaluation of the speci®city of primers P2a and P2b for
amplifying target and control genomes ligated to LN1 and LN2,
respectively. The protocol of Figure 1 was applied to co-amplify and, subse-
quently, to re-separate the two genomes. Lane 1, P2a-ampli®ed genome;
lane 4, P2b-ampli®ed genome; lanes 2 and 3, the products depicted in lanes
1 and 4 were further ampli®ed for 10 cycles using P2b and P2a primers,
respectively.
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from regions that do not indicate ampli®cation: E2F, TOP1,
RAN, Tfr, HBEGF, IL9R, TBP and CYC. TaqMan assay-
derived copy number ratios (`fold change' between BT474
and HMEC DNA) were then compared for ampli®ed versus
unampli®ed samples (Fig. 7). Genetic ampli®cation, or lack of
ampli®cation, was correctly indicated for both, unampli®ed
and balanced PCR-ampli®ed DNA, for 11 of the 12 genes
examined. One gene (HOX) was classi®ed as a false negative
since no ampli®cation would have been demonstrated follow-
ing a blind screen of balanced-PCR ampli®ed samples. It is
noteworthy that the array-CGH data for the HOX gene
demonstrated good agreement between balanced-PCR and
unampli®ed samples (fold change of 6.1 and 8, respectively).
These data seem to suggest that the reason for the false
negative in HOX may lie with the speci®c use of balanced-
PCR ampli®ed DNA in TaqMan assays. For example, since
DNA ampli®ed via balanced-PCR is NlaIII digested, potential
NlaIII polymorphisms could affect TaqMan primer/probe
binding sites in the target or the control DNA.

In a real-time PCR screen similar to that conducted for
balanced-PCR, MDA ampli®cation also indicated generally
good agreement of genetic differences observed for unampli-
®ed DNA for 11 of the 12 genes examined (Fig. 7). One gene
(TOP1) was classi®ed as a false positive, since a blind screen
would have demonstrated signi®cant (6-fold) gene ampli®ca-
tion for MDA-ampli®ed samples, but not for unampli®ed or
balanced-PCR ampli®ed DNA.

Screening of DNA from formalin-®xed, paraf®n-
embedded tissue

DNA obtained from paraf®n-embedded tissue (glioblastoma,
<5 years years since formalin ®xation) was either used directly
(unampli®ed) for array-CGH or real-time PCR screening, or
was ®rst ampli®ed via balanced-PCR or MDA and subse-
quently screened using HMEC DNA as the co-ampli®ed
control. DNA obtained from formalin-®xed tissue was
modestly degraded (gel electrophoresis pro®le depicted in
Fig. 8A). Following ampli®cation via balanced-PCR the
sample was screened via array-CGH and real-time PCR. The
array-CGH pro®ling successfully revealed the main features
obtained from direct screening of unampli®ed samples
(Fig. 8B and C). In Frame B, array-CGH pro®les from all 23
chromosomes are depicted and regions of ampli®cation in
chromosome 4 are indicated. In Figure 8C the chromosomal
region from chromosome 4 ¯anking the ampli®ed region of
interest (~7 Mb long) is shown. To examine reproducibility,
the experiment was conducted in duplicate and both array-
CGH pro®les demonstrated the same chromosome 4 feature
(Fig. 8C). Similarly, when examined via Taqman real-time
PCR, samples ampli®ed via balanced-PCR demonstrated
concordance with unampli®ed DNA for eight out of nine
genes examined (Fig. 8D). In contrast, MDA universally
generated low or insigni®cant ampli®cation of formalin-®xed
DNA and array-CGH/real-time PCR screening failed to
produce substantial signals. These data indicate that, for

Figure 3. Reproducibility of array-CGH screening of samples ampli®ed via balanced-PCR. In two independent experiments, genomic DNA from BT474 and
HMEC cells was ampli®ed via balanced-PCR and then screened on different human cDNA microarrays. Fold change versus chromosomal position for
chromosomes 17 (481 genes) and 20 (218 genes) are depicted.
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formalin-®xed samples of modest degradation, such as the one
depicted in Figure 8A, balanced-PCR can be successfully used
for array-CGH and real-time PCR evaluation.

DISCUSSION

The ability of balanced-PCR to overcome problems associated
with ampli®cation of modestly degraded DNA may be
associated with the initial digestion of DNA followed by
adaptor ligation, which generates a substantial number of
DNA fragments lacking formalin-associated DNA damage,
and which can then be ampli®ed. Evidence exists that
ampli®cation performed in this manner is not substantially
inhibited by formalin-induced DNA damage. Klein and
colleagues described SCOMP (13,29), which utilizes DNA
digestion and adaptor ligation to perform whole genome PCR
ampli®cation and comparative genomic hybridization when
starting from a single cell. Because SCOMP utilizes digested,
low molecular weight DNA as starting material, it was capable
of ef®cient ampli®cation of DNA from formalin-®xed samples
and was found to be superior to DOP-PCR (29). However, the
issue of ampli®cation bias using SCOMP was not adequately
addressed since the method was not validated at high
resolution, i.e. via array-CGH or on a gene-by-gene basis.
Due to the aforementioned PCR shortcomings, SCOMP is
expected to cause substantial ampli®cation bias. In our hands,

SCOMP produced skewed results on a gene-by-gene basis
(data not shown).

Therefore, in this work we adapted balanced-PCR, which
removes biases associated with PCR saturation and impurities
(22), to the ampli®cation of genomic DNA followed by
array-CGH or real-time PCR quanti®cation of gene copy
number. We utilized 5 ng of genomic DNA, an equivalent to
~1000 cells, which is similar to the amount of DNA usually
obtained from LCM microdissection (~5±20 ng). Upon
high-resolution examination of gene copy numbers using
array-CGH, balanced-PCR demonstrated an unbiased repre-
sentation of the true allelic differences between the breast
cancer cell line BT474 and normal mammary epithelial cells,
indicating that the method can be applied for the genome-wide
examination of genetic differences among cell lines or minute
tumor biopsies and normal tissues. A parallel examination
using real-time PCR demonstrated that the resulting gene copy
differences between tumor and normal breast genomes are
generally larger than array-CGH data, both for ampli®ed and
unampli®ed samples. This `dynamic range compression' is
commonly observed with array-CGH (21) and indicates the
importance of performing TaqMan-based veri®cation of
array-detected gene-dosage changes. To further evaluate the
performance of balanced-PCR we compared it with MDA.
MDA is currently considered the method of choice for certain
genomics applications due to the low incidence of non-speci®c
ampli®cation artifacts or bias among alleles and for enabling

Figure 4. Array-CGH screening of genomic DNA from human female BT474 and HMEC cells, using unampli®ed DNA. Chromosomes 1±23 are depicted
and arrows indicate regions of known ampli®cations and deletions for the BT474 cell line.
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genome-wide genotyping of small samples (30±32). In a direct
comparison of balanced-PCR with MDA, when using fresh
DNA samples, both methods demonstrated an approximately
equivalent performance and resulted in a satisfactory ampli-
®cation of previously described, tumor-related differences
among the two cell lines. MDA ampli®cation results in
ampli®ed DNA of higher molecular weight, thus it may be
more appropriate for situations where a representation of most
genomic regions is required, or where undigested DNA is
required for subsequent analysis. Since balanced-PCR cannot

effectively amplify large (>2 kb) fragments which may
potentially exist due to the location of successive NlaIII
sites in a genome, the method is expected to amplify a small
fraction [a `representation' (12)] of the genome rather than the
entire genome. When DNA from fresh samples is used, it may
be advisable to perform both balanced-PCR and MDA
ampli®cations whenever possible, since an agreement with
regards to gene ampli®cation and deletion by the two methods
may provide higher detection accuracy. Based on our
quantitation results, the gene copy number variation for 12

Figure 5. Array-CGH screening of genomic DNA from human female BT474 and HMEC cells, using balanced-PCR ampli®ed DNA. Chromosomes 1±23 are
depicted and arrows indicate highlighted regions of known ampli®cations and deletions for the BT474 cell line.

Figure 6. Array-CGH screening of chromosomes 17 and 20 from human female BT474 and HMEC cells: comparison of results using unampli®ed DNA (top
curve), balanced-PCR ampli®ed DNA (middle curve) and MDA ampli®ed DNA (bottom curve).
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out of 12 genes would have been called accurately if only the
consensus results were considered.

On the other hand, MDA demonstrated an almost complete
failure to amplify material from formalin-®xed sample of
modestly degraded DNA, which balanced-PCR was capable
of amplifying. Several well preserved formalin-®xed
tissue samples fall in this category and therefore may be
ampli®ed successfuly via balanced-PCR. The nucleotide
`tags' incorporated in the primers P2a and P2b during
balanced-PCR can potentially be varied to include many
distinct nucleotide combinations, each amplifying a different
linker LN1, LN2, LN3, ¼, LNN. Consequently, it should be
feasible to mix N genomes simultaneously and amplify them
in a PCR. Thereby, large sets of archived samples could be
ampli®ed in a single, unbiased PCR ampli®cation to provide
an essentially unlimited resource of ampli®ed materials. This
resource may not only enable investigators who utilize
different microarray platforms to perform inter-comparison
studies, but also facilitate the establishment of tissue banks for
clinicopathological studies in the future.

In summary, we have developed a balanced-PCR whole-
genome ampli®cation methodology and shown its effective-

Figure 7. Real-time PCR screening (TaqMan assay) of relative gene copy
numbers for breast cancer cells (BT747, `target') versus HMEC cells (`con-
trol'). First column (black), ampli®cation directly from unampli®ed genomic
DNA. Second column (dark gray), ampli®cation from balanced-PCR ampli-
®ed genomic DNA. Third column (light gray), ampli®cation from MDA
ampli®ed genomic DNA.

Figure 8. Screening of DNA from paraf®n-embedded DNA. (A) Gel electrophoresis pro®le from a formalin-®xed, paraf®n-embedded sample indicating DNA
degradation. (B) Array-CGH screening of all 23 chromosomes using unampli®ed DNA (top curve), balanced-PCR-ampli®ed DNA (middle curve) and MDA
ampli®ed DNA (bottom curve). (C) Chromosome 4 area of interest, indicating a 7 Mb ampli®cation region in the unampli®ed and the balanced-PCR ampli®ed
sample. Duplicate experiments on two different arrays are depicted. (D) Evaluation of single genes using unampli®ed DNA, balanced-PCR ampli®ed DNA
and MDA-ampli®ed DNA using Taqman real-time PCR.
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ness in measuring gene ampli®cations and deletions at high
resolution via array-CGH and real-time PCR. This method
should allow effective ampli®cation of DNA from archives
containing modestly degraded paraf®n-embedded DNA and
the study of cancers whose tissue is limited, e.g. head/neck CA
and pancreatic CA. Further applications in pre-implantation
diagnosis, biotechnology and forensics can be envisioned.
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Abstract 

Characterization of gene expression from rare clinical specimens requires high-

fidelity amplification techniques at the picogram level.  Although there are many 

different amplification techniques utilized by different investigators no group has 

compared fidelity of these methods on a single microarray platform.  

Aliquots of commercial reference and BT474 cell line RNA were independently 

amplified using two linear methods: 1) modified T7, 2) Arcturus RiboAmp HS and a 

logarithmic method 3) Balanced PCR.  Spotted 20,621 cDNA microarrays were 

hybridized for each of the probe pairs.  Data from each amplification method was 

compared to the gold standard of quantitative real-time PCR (QPCR) for 37 genes 

and Pearson correlations were calculated.  Replicate amplifications were R2 0.75 for 

modified T7 linear amplification, R2 0.86 for Arcturus HS linear amplification and 

R2 0.87 for Balanced PCR logarithmic amplification.  The false expression rate 

(FER), defined as an inverse microarray expression ratio measurement compared to 

expression ratios from QPCR of total RNA, was measured.  The mean FER for all 

methods were similar: modified T7 14.6% (5.4/37), Arcturus HS 13.5%% (5/37), 

and Balanced PCR 11.3% (4.2/37).  On comparison of QPCR of amplified to QPCR 

of total RNA, Arcturus yielded an R2 of 0.86 (FER 0/21 for 0%), modified T7 R2 

0.87 (FER 1/22 for 4.5%), and Balanced PCR R2 0.75 (FER 3/19 for 15%).  These 

results demonstrate feasibility of expression analysis starting with picogram level 

input of total RNA samples.  Selection of an optimal method for each laboratory will 

require balancing local labor versus reagent costs. 

   



Introduction 

Quantitative analysis of circulating tumor cells (CTC’s/micrometastases) has 

demonstrated prognostic significance equivalent to lymph node status in breast cancer1.  

The relationship of CTC’s to the cells that actually comprise solid organ metastases has 

been a subject of controversy and speculation, as no robust methodology to perform 

unbiased expression profiling of these rare cells has previously been available.  Similarly, 

many other types of clinical specimens (for example, fine needle aspirates, cells isolated 

by laser capture microdissection, and other rare cell populations) have a limited quantity 

of RNA available for analysis.  A major obstacle to the expression profiling of these rare 

specimens with microarrays is that only picograms to nanograms of RNA are available, 

while microarray assays require at least 2µg.  The average amount of total RNA in a 

human epithelial cell is estimated to be between 10 and 40 pg2 (1-6 pg of mRNA per 

single cell3,4).   

Our group developed a flow cytometry (FACS) strategy for the isolation of 

circulating tumor cells from the blood of patients with cancers of epithelial origin, such 

as breast and prostate cancer5.  Typically, 10 mL peripheral blood samples from patients 

with advanced breast and prostate cancer yield no more than 10-300 cells.  Therefore, 

RNA amplification techniques for CTC analysis must be able to faithfully represent the 

transcriptome starting with just 100 picograms to 3 nanograms of total RNA, assuming 

the total RNA content of CTC’s to be 10pg/cell.  As these cells are extremely rare but of 

great clinical significance, we determined which amplification technique is most 

faithfully able to measure gene expression when starting with picogram quantities of total 

RNA. 



We compared three popular RNA amplification strategies, modified T7 linear 

amplification6-10,Arcturus High Sensitivity linear amplification (Arcturus, Mountain 

View, CA), and Balanced PCR, a recently developed exponential amplification method11.  

We used a cDNA microarray platform containing 20,620 clones representing 19,700 

distinct genes for hybridizations of Stratagene Universal Human Pooled Reference RNA 

(Stratref), a pool of 11 cells line RNAs, compared to BT474 breast cell line RNA using 

each of the amplification methods. 

For a gold standard measurement to compare to array results, we utilized 

quantitative Taqman RT-PCR (QPCR) for a panel of 37 genes.  Unlike prior studies 

where QPCR was used to validate expression of  outliers - genes predominantly 

expressed in one RNA sample versus another - we selected QPCR primers to measure 

genes that are under-expressed, equivalent, or over-expressed in BT474 relative to 

StratRef total (un-amplified) RNA.  Thus, our experiments were designed to determine 

whether fidelity of amplification was compromised without regard to the amplitude of the 

ratio of gene expression between two RNA samples. 

Results showed that each method had a different lower limit of input RNA 

quantity, below which success in amplification was unreliable.  However, when using 

sufficient input total RNA, each method resulted in array expression ratio measurements 

that were well correlated with QPCR results.  Few differences in fidelity were seen 

comparing the techniques.  Thus, we also assessed the time required to perform each 

technique and the reagent costs to compare the cost-effectiveness of each assay.  Our 

analysis provides a useful guide to laboratories faced with the challenge of analyzing 

multiple samples containing picogram total RNA quantities.      



 

Methods 

 

Total RNA labeling without amplification:  10 micrograms of total RNA from the 

BT474 breast cancer cell line and StratRef RNA (Stratagene, La Jolla, CA), was reverse 

transcribed using Stratascript RT (Stratagene, La Jolla, CA) in the presence of 10 

micrograms of random hexamer (Amersham Pharmacia) and oligod(T)24NN. 

Modified T7 RNA amplification:  Total RNA from the BT474 breast cancer cell line 

and StratRef (Stratagene, La Jolla, CA) was linearly amplified through two rounds of 

modified in vitro transcription 7.   

Arcturus HS amplification:  Total RNA from the BT474 breast cancer cell line and 

StratRef (Stratagene, La Jolla, CA), was linearly amplified through two rounds of in vitro 

transcription according to the manufacturer’s instructions (Arcturus, Mountain View, 

CA).   

Balanced PCR amplification: Total RNA from the BT474 breast cancer cell line and 

StratRef (Stratagene, La Jolla, CA), was reverse transcribed using separate oligo dTT7 

primers, pooled and exponentially amplified in the same PCR tube11,12.  Although the 

balanced PCR reactions were carried out in a different laboratory than the linear 

amplifications, an aliquot of RNA from the same tube of StratRef RNA and an aliquot of 

the same preparation of BT474 RNA as was used to minimize input variability.  Reverse 

transcription of this RNA was performed prior to shipment of the cDNA on dry ice for 

subsequent Balanced PCR. 



Assessment of Transcript Integrity: The molecular weight profile and integrity of each 

amplified RNA/DNA species was evaluated using the Agilent Bioanalyzer 2100 (Agilent 

Technologies, Palo Alto, CA).  All RNA was verified to be intact with well resolved 18 

and 28S peaks and no evidence of RNAse contamination prior to beginning all 

experiments.  The size of the amplified products ranged from 100-4400 bases. 

Fluorescent labeling:  Amplified RNAs (aRNAs) produced with Modified T7 and 

Arcturus RiboAmp HS were converted to amino-allyl modified cDNA and coupled to N-

hydroxysuccinimidyl esters of Cy3 or Cy5 (Amersham, Piscataway, NJ).13 The Balanced 

PCR amplified cDNA’s were labeled with Klenow from BioPrime (Invitrogen, Carlsbad, 

CA) and Cy3/Cy5 dUTP (Amersham, Piscataway, NJ).  All specimens were then 

hybridized to a microarray slide at 65°C for 12-16 hours.  The slide was then washed and 

immediately scanned with Axon Imager 4000b (Axon Instruments, Union City, CA), 

utilizing GenePixPro 3.0 software. 

Microarrays.  The 20,862 cDNAs used in these studies were from Research Genetics 

(Huntsville, AL).  On the basis of Unigene build 166, these clones represent 19,740 

independent loci.  All clones corresponding to gold standard QPCR assays were 

sequenced to verify their identity14.  Hybridization, washing, scanning and primary data 

analysis was performed as described 15; www.microarrays.org). 

Microarray Data analysis:  Hierarchical clustering.  Gene expression was analyzed 

with Cluster 16 using the average linkage metric, and displayed using Treeview 

(http://rana.lbl.gov/EisenSoftware.htm).  Genepix median of ratio values from the 

experiment were subjected to linear normalization in NOMAD (http://derisilab.ucsf.edu), 

http://www.microarrays.org/
http://genetics.stanford.edu/~alok/TreeView/
http://derisilab.ucsf.edu/


log-transformed (base 2) and filtered for genes where data were present in 80% of 

experiments, and where the absolute value of at least one measurement was > 1. 

Statistical analysis for microarrays (SAM) analysis.  After linear normalization, log 

(base 2) transformation, and hierarchical clustering, the total RNA arrays’ cluster data 

table was imported into the SAM software package.  One class analysis was performed to 

identify genes representative of StratRef and genes representative of BT474 (with 2-4 

fold differences in expression).  Data was censored if more than one data value was 

flagged in each group to eliminate poor quality array data.  Delta was chosen to limit the 

output gene list so that less than 1% predicted false positives would be included.  

Quantitative RT-PCR:  cDNA was made from total RNA for both BT474 and StratRef, 

in 100-µL reactions using M-MLV reverse transcriptase and random hexamers incubated 

at 25°C for 10 min then 48°C for 30 min. Expression of each gene was analyzed using the 

5' nuclease assay (real-time TaqMan RT-PCR; 17) with the ABI PRISM 7700 instrument 

(Applied Biosystems (ABI), Foster City, CA). Probe sequences and cycle conditions are 

available upon request. Relative expression levels were calculated compared to beta-

glucuronidase as detailed previously18.  Six of the 38 (16%) genes for which we 

performed QPCR failed repeated attempts at sequence verification from the original E. 

coli library microarray source plate.  However, these six genes only contributed 2.5% 

(2/79) of all the FER’s for all microarrays and they are therefore included in this analysis. 

Statistics: Pearson correlation coefficients comparing microarray and QPCR gene 

expression measurements were made in Excel (Microsoft, Redmond, WA). 

Cost Analysis: UCSF institutional prices for each reagent used in each amplification 

technique were determined, and the fractional price per amplification reaction was 



determined.  For time analysis, only the time actually spent in the laboratory by the 

technician performing the assay (i.e. not the time needed for incubation of the PCR 

reactions or in vitro transcription reactions, which were typically run overnight) was 

used.  The labor costs for a UCSF entry level technician including 10% fringe benefits 

were used as the basis for calculation.    

Results 

Determination of Amplification Linearity 

Replicates of each amplification method and replicates of control total RNAs without 

amplification were assayed.  It is important that replicate experiments provide a high 

overall correlation in ratios measured for each microarray target before amplification 

strategies are accepted as trustworthy methods.  Replicate two-round amplifications were 

well correlated for our 38 gene panel in log Cy3 (StratRef):Cy5(BT474) ratios: R2 0.75 

for Modified T7 linear amplification, R2 0.86 for Arcturus HS linear amplification and R2 

0.87 for Balanced PCR logarithmic amplification. 

Determination of lowest input RNA concentrations for reproducible RNA 

amplification  

Serial dilutions of the same tube of StratRef and BT474 RNA served as the substrate for 

all amplification reactions to minimize sources of variability.  The lower limits of total 

RNA required for each method were defined as the lowest RNA input amount where 

amplification reactions consistently yielded sufficient product (10 micrograms) to permit 

analysis on cDNA microarrays.  These were 500 pg for modified T7, 250 pg for Arcturus 

RiboAmp HS, and 500 pg for balanced PCR (Table 1). 



Determination of false expression measurements occurring with each amplification 

method 

When dealing with clinical samples, microarray results are often validated with QPCR, 

therefore techniques that demonstrate a low FER by this type of analysis are very 

desirable.  We define a false expression result (FER) as measurement of an inverse ratio 

by microarray compared to gold standard QPCR for the same gene assayed using 

unamplified total RNA.  Both array and QPCR measurements were normalized to levels 

of β-glucuronidase to facilitate comparison.  Table 1 lists performance of each 

amplification method at differing input RNA concentrations with number false and 

percentage FER in comparison to QPCR of total RNA for 37 genes.  Balanced PCR 

showed a mean percent FER of 11.3%, Arcturus RiboAmp HS showed 13.5%, and 

modified T7 showed 14.6%.    It was interesting to observe that the FER rates for each 

method were independent of input RNA level by ANOVA (p=0.39). 

 

Fig. 1 shows the FERs among the 37 QPCR assays (FER genes are boxed) for the 

modified T7 method starting with 1 nanogram of total RNA.  FERs were calculated in the 

identical fashion for each of the amplifications (not shown).  Figure 2 shows the overall 

Pearson correlation for each of the three methods compared with QPCR of amplified and 

total RNA.  Table 2 presents a comparison of QPCR of amplified to QPCR of total RNA 

for each method.  By this analysis Arcturus had a 0% FER, modified T7 had a 4.5% FER, 

and Balanced PCR had a 15%FER.  These methods of analysis give a platform 

independent measure, the FER, useful in comparing the amplification methods.   

 



Incidence of FER is not correlated with presence of repeat elements in the 

microarray platform cDNA clones 

We noted that FER was common to all amplification techniques for three sequence 

verified clones, DFF (Unigene ID AA487452), ELK1 (AA844141) and 

GRP(AA026118).   Since this suggests that a significant contribution to false expression 

measurements was the microarray platform itself, we used bioinformatics tools to 

examine characteristics of the clones that contributed repeated FER results across 

methods.   A bioinformatics query for repetitive elements in the sequence of clones that 

contributed FER’s to this analysis found that only 41.1% (7/17) of the FER clones had 

regions of sequence repeats, suggesting that nonspecific hybridization to repetitive 

elements did not exclusively explain FER. 

 

Hierarchical clustering analysis of Stratref and BT474 samples amplified by 

different methods 

Fig. 3 presents gene expression for Stratref and BT474 after hierarchical clustering, as 

visualized by Treeview16.  As expected, nodes highlighting such breast cancer specific 

genes as V-Erb-b2 (Her2/neu) were consistently detected in all amplifications of BT474 

RNA.  It is gratifying that all methodologies yielded globally similar profiles of gene 

expression.  Each of the three amplification techniques yielded fairly consistent 

expression results within the constraints of each technique’s input threshold of total 

RNA.  Therefore, to further aid in selection of a standard methodology for RNA 

amplification, we performed a cost analysis. 

 



Cost per Amplification 

The cost per amplification and labeling reaction for each method were calculated as cost 

for reagents per individual sample.  Technician labor costs were estimated based on an 

annual salary of $31,000 plus 10% fringe benefits.  Labor costs were determined based 

on the number or fraction of days of actual work time (not incubations) based on a 5 day 

work week.  The full data required for calculation are provided as supplementary Table 1,  

and the final costs by method are presented in Table 3.  Technician costs would increase 

with increasing numbers of samples beyond some reasonable threshold that an individual 

researcher could efficiently amplify in a given workday.  Generally, technician costs 

would be comparable for amplification of 1-10 samples/day in our experience. 

 

Discussion 

RNA amplification technologies serve translational clinical research well.  Already, 

linear amplification has enabled examination of gene expression in clinical core needle 

biopsies8,19 fine needle aspirates19 and even single human cells20.  Our results 

demonstrate that amplification technology is reproducible, and highly correlated with 

gold standard QPCR measurements using such picogram range RNA samples.  We 

predict that these methods will be used by investigators studying circulating tumor cells, 

and will allow answering important questions by enabling analysis of samples previously 

considered to be of insufficient quantity for expression array analysis.   

 

Many groups rely on these amplification techniques to provide data on gene expression, 

yet to our knowledge this is the first report comparing the fidelity of 3 amplification 



methods at low-input range on a single microarray platform.  While each method was 

able to provide data in the picogram range, certain methods are advantageous over others 

in terms of lower limit of RNA that can reliably be amplified, cost per reaction, and 

number of days required for processing of samples.   

 

Below 1ng the modified T7 method could not reproducibly amplify such that insufficient 

RNA was typically generated for even a single microarray hybridization.  While we were 

successful in hybridizing 3 arrays with this method at 500pg we do not recommend this 

method below 1ng of input total RNA as several technicians quite experienced with this 

method could not repeat these results.  This technique may be optimized by HPLC 

purification of the oligodT(24)T7 primer.  One drawback of this technique is the greater 

length of time involved (3days) compared to other amplification reactions (2days) and the 

relative complexity of the protocol. 

 

Arcturus RiboAmp HS was able to provide expression array data at a lower input 

concentration than any of the other tested methods, and we were able to use smaller 

amounts than the manufacturer’s recommended minimum sample input of 500 pg total 

RNA.  Below 250pg, even this method typically fails to amplify.  This likely represents a 

theoretical limit of 10-25 cells total RNA content (for laser capture microdissection more 

would be required because of fractionation of cellular material), unless specialized tissues 

such as oocytes are examined.  It is somewhat concerning, however, that the %FER was 

observed to increase from 10.8% at 500pg to 19% at 250pg in our study.   



 

Balanced PCR is a promising technique for the amplification of low-input quantities of 

RNA.  It maintains a high degree of accuracy with an input as low as 667pg of RNA 

(FER 10.8-13.5%).  While theoretical concern exists regarding the accuracy of 

logarithmic amplification methods, this method overcomes the potential problem by 

stopping the PCR reaction before the logarithmic phase of the PCR curve.  This method 

had the lowest cost per reaction and also required the least amount of technician time 

compared to the other methods.  In addition, it has been recently demonstrated that the 

same balanced-PCR protocol used for cDNA amplification may also be used for the 

unbiased amplification of whole genomic DNA followed by array-CGH analysis12.  

However, several iterations were required for new technicians to learn to successfully 

perform balanced PCR. 

 

Each lab will have to weigh their decision on which amplification technique is most 

suitable based on factors including amount of starting input total RNA, cost per reaction, 

technician time, and experience/comfort level with the techniques.  Labs that routinely 

work with samples in excess of 1ng starting material should focus on cost-savings as each 

of the methods tested proved to be reliable above this threshold.  It is likely that balanced 

PCR could be further optimized to include amino-allyl-dUTP incorporation in the PCR 

reaction.  This would facilitate indirect Cy dye labeling, which would dramatically reduce 

the labeling cost for this method.   

 



It is important to ascertain the linearity of a chosen method at the low input range before 

going on to work with precious clinical specimens.  Each of the 3 tested methods 

performed surprisingly accurately when amplifying from low inputs of total RNA based 

on microarray analysis validated with QPCR of 37 genes.  We have demonstrated that it 

is feasible to reliably and accurately perform expression profiling from picogram 

quantities of total RNA.  These methods will likely enable exciting new directions for 

molecular analysis of samples previously considered to be of insufficient quantity of total 

RNA for expression profiling. 
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Figure Legends  

Fig. 1. A Comparison of Microarray Expression Ratios for 37 Genes of  Modified T7 

Amplified RNA to Taqman of Un-amplified RNA 

 

Fig. 2. Correlation in Expression Ratios Between Taqman of Amplified and Total RNA 

for 3 Different Methods 

Fig. 3 Cluster Analysis of 17 Arrays for 2098 Genes Comparing Amplification 

Techniques Using BT474 Versus StratRef 

 

Table Legend 

Table 1 Performance of Amplification Method by Evaluation of Array Expression Ratios 

as Compared to Taqman of 37 Genes 

Table 2 Taqman of Amplified RNA: Accuracy of 3 Methods 

Table 3 Expenses for 3 Amplification Techniques 
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Table 1 

 

2.7% 1 500pg 4 Balanced  
PCR 

13.5% 5 667 pg 

10.8% 4 667 pg 

13.5 5 3.3  ng 

19% 6 3.3  ng 

11.3% 4.2 Mean 

19% 6 250pg 1 Arcturus 

19% 6 250pg 1 

10.8% 4 500pg 3 

10.8% 4 1ng 

13.5% 5 Mean 

13.5% 5 500pg ModT7 

13.5% 5 500pg 

19% 6 500pg 

19% 6 1ng 1 

13.5% 5 1ng 1 

14.6% 5.4 Mean 

%FER #False Quantity  
of input 

Method 

2.7% 1 500pg 4 Balanced  
PCR 

13.5% 5 667 pg2 

10.8% 4 667 pg2 

13.5 5 3.3  ng 

19% 6 3.3  ng 

11.3% 4.2 Mean 

19% 6 250pg 1 Arcturus 

19% 6 250pg 1 

10.8% 4 
 10.8% 4 1ng 

13.5% 5 Mean 

13.5% 5 500pg 
 13.5% 5 500pg 

19% 6 500pg 

19% 6 1ng 1 

13.5% 5 1ng 1 

14.6% 5.4 Mean 

%FER #False Quantity  
of input 

Method 

1 Threshold level in which linear technique could repeatedly amplify  
2 Threshold level of input at logarithmic method could reliably 

amplify 
3 Manufacturer’s stated lower recommended threshold
4  Could not be repeatedly amplify at this input threshold

Performance of Amplification Method by Evaluation  
of Array Expression Ratios as Compared to Taqman  
of 37 Genes 
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Figure 2 
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Amplified and Total RNA for 3 Different Methods
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Table 2 

Taqman of Amplified RNA: 
Accuracy of 3 Methods 

Balanced 
PCR

Modified T7

Arcturus

Method 
Name

15319

4.5122

0021

%FERNumber 
False

Number of 
Genes 
Analyzed
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 Table 3 Comparison of Expenses for 3 Amplification Techniques  

   
     
Balanced pcr expenses   
Reagent  Unit Price Expense/sample
AdvantageII $380/100x $1.90
Titanium   $260/100x $15.60
Ligase  $176/50ul $0.88
NLAIII  $40/50ul $0.20
Qiagen  $68/50x $2.72
Oligo+primers $168 $0.50

Total cost/reaction for reagents 

$21.80
x 2 (sample 
+reference)

$43.60
Tech time    1 day  $131.15

Direct Labeling of balanced pcr product  
BioPrime  $238/kit $13.60
Cy3dUTP  $435 $70.83
Cy5dUTP  $435 $70.83
dNTP's 10mM $178 $0.01
Qiagen  $68/50x $2.72
Cot  $145/500uL $2.46
Quia quick  $77 $1.54
Tech time     2 hours  $32.78
Total for labeling reagents    $161.99
Total cost/reaction (amplification and 
labelling) reagents   $205.59
Arcturus expenses   

RiboAmpHS kit reagents $695/5 samples  

$139.00
x 2 (sample 
+reference)

$278.00
Tech time     2 days  $262.30
RT    
N6 hexamers $134 makes 1ml $0.23
Stratascript RT $160 200 ul $2.40
aa dUTP  $83/mg makes 100ul $0.50
Microcon 30 $214 $2.14
Cot  $145/500uL $2.46
Cy3  $216 $18.00
Cy5  $216 $18.00
Quia quick  $77 $1.54
Tech time     1 day  $131.15
Total for labeling reagents    $45.27



Total cost/reaction (amplification and 
labelling) reagents  $323.27
Baugh    
dTT7 oligo  $75 makes 800ul $0.09
SuperScript II RT $171 50 ul $1.54
dNTP's 10mM $178 10000 ul $0.01
T4GP32  $337 100 ul $2.29
Rnase inhibitor $227 250 ul $0.23
E. Coli DNA Pol I $50 100 ul $1.00
E. Coli DNA ligase  $212/1000U 100 ul $1.06
E. Coli Rnase H $113/50U 33 ul $1.71
5X Second Strand Buffer $64 500 ul $1.92
dNTP's  $178 10000 ul $0.03
T4 DNA Polymerase $45 50 ul $2.97
Zymo Clean and Concentrator $220/200rxn $1.10
Ampliscribe  $205 200 ul $2.05
100mM ATP $72 400 ul $0.27
100mM CTP $72 400 ul $0.27
100mM UTP $72 400 ul $0.27
100mM GTP $72 400 ul $0.27
Rnase inhib. $227 250 ul $0.68
T7 RNA Polymerase $276 125 ul $2.21
Quiagen Rneasy kit $857/250rxn $3.43
random hexamers $134 makes 1ml $0.23
SuperScript II RT $171 50 ul $1.54
dNTP's 10mM $0.01
T4GP32  $337 100 ul $2.29
Rnase inhibitor $84 250 ul $0.23
dTT7 oligo  $70 makes 800ul $0.09
E. Coli DNA Pol I $50/50 ul 100 ul $2.00
E. Coli Rnase H $113/50U 33 ul $1.71
5X Second Strand Buffer $64 500 ul $1.92
dNTP's  $0.03
T4 DNA Polymerase $45 50 ul $2.97
Zymo Clean and Concentrator $220/200rxn $1.10
Tech time     3 days  $393.45

Total cost/reaction for amplification reagents  

$37.52
x 2 (sample 
+reference)

$75.04
RT     
N6 hexamers $134 makes 1ml $0.23
Stratascript RT $160 200 ul $2.40
aa dUTP  $83/mg makes 100ul $0.50
Microcon 30 $214 $2.14
Cot  $145/500uL $2.46



Cy3  $216 $18.00
Cy5  $216 $18.00
Quia quick  $77 $1.54
Tech time     1 day  $131.15
Total for labeling reagants     $45.27
Total for amplification and labeling reagents   $120.31
 
 
 

Table 3A - Final Costs by Method  

Amplification Technique Total Cost (including 
coupling and labor) 

Technician time (days) 

Modified T7 $644.91 4 
Arcturus $716.72 3 
Balanced PCR $369.52 1.25
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I. INTRODUCTION 

  

 Technologies for analyzing gene expression and gene copy number changes are increasingly used 

in the detection, diagnosis and therapy of cancer.  The clinical outcome of various breast cancer therapies 

correlates closely with distinct mRNA expression profiles detected using DNA microarrays (Alizadeh et 

al. 2001; Perou et al. 1999; Ross and Perou 2001; Sorlie et al. 2001; van 't Veer et al. 2002).  Array-based 

Comparative Genomic Hybridization (array-CGH) can detect the amplification or deletion of candidate 

breast cancer genes as well as genomic instability within tumor cells (Albertson et al. 2000; Kallioniemi et 

al. 1994; Kallioniemi et al. 1992; Pinkel et al. 1998; Pollack et al. 1999).  Subtractive hybridization 

methods, such as Differential Display or Representational Difference Analysis are also used for breast 

cancer gene discovery (Scheurle et al. 2000).  Such genetic profiling–based diagnosis can potentially 

revolutionize the existing staging system and the management of early breast disease (Burki et al. 2000).  

However, analysis of genetic changes in tumors using these techniques requires ‘µgs’ of pure tumor DNA 

(Klein et al. 1999; Lucito et al. 1998).  Routine tumor biopsies often consist of inhomogenous mixtures of 

stromal cells plus tumor cells with a wide range of genetic profiles (Rubin 2002).  Newer techniques, such 

as Fine Needle Aspiration (FNA) and Laser Capture Microdissection (LCM), allow for the removal of 

minute amounts of tissue from tumors (Rubin 2002).  LCM can isolate homogeneous populations of 

normal or tumor cells, potentially resolving tissue into single cells (Assersohn et al. 2002; Emmert-Buck 

et al. 1996).  However, the yield of RNA/DNA from small cell numbers dictates that LCM must be 

coupled to a DNA amplification step, usually by use of the Polymerase Chain Reaction (PCR (Assersohn 

et al. 2002)).    

A major problem with PCR is that amplification occurs in a non-linear manner and reproducibility 

is influenced by stray impurities (Heid 1996).  The exponential mode of DNA amplification and the 

concentration-dependent PCR saturation are notorious for introduction of bias (Heid 1996).  As a result, 

when amplifying two complex DNA populations, the quantitative relationship between two genes after 

amplification is generally not the same as their relation prior to amplification.  Real time PCR strategies 

can retain the initial relation among alleles when a single gene is amplified from two sources (Celi et al. 

1994).  Further, methods exist to PCR-amplify whole genomic DNA from as little as a single cell (Klein et 

al. 1999; Nelson et al. 1989; Zhang et al. 1992a).  However, the quantitative amplification of the entire 

population of DNA fragments (‘alleles’) from two different, complex genomes is not possible using 

conventional PCR.  Multiple strand displacement isothermal amplification (MDA) is an alternative to 
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PCR that has shown promise in a number of investigations (Dean et al. 2002; Zhang et al. 1992b).  On the 

other hand, MDA requires long DNA stretches to work effectively and therefore it is inefficient when 

formalin fixed, archival genomic DNA is to be amplified (Lage et al. 2003) or when cDNA amplification 

for gene expression profiling on microarrays is required.  

We have recently described balanced-PCR (Makrigiorgos et al. 2002), a method which overcomes 

biases associated with PCR-amplification of complex genomes and faithfully retains the difference among 

corresponding genes, or gene fragments over the entire sample.  This approach, which can be applied to 

the amplification of both genomic DNA and cDNA, utilizes a simple principle (Figure 1). Two distinct 

genomic DNA samples, a ‘target’ sample and a ‘control’ sample, are tagged with oligonucleotides (LN1, 

LN2) containing both a common (P1) and unique DNA sequence (P2a, P2b).   The genomic DNA samples 

are pooled and amplified in a single PCR tube using the common DNA tag, P1.  By mixing the 2 

genomes, PCR ‘loses’ the ability to discriminate between the different alleles and the influence of 

impurities tends to cancel.  The PCR-amplified pooled samples can subsequently be differentially labeled 

or separated using the DNA tag unique to each individual DNA sample.  This balanced-PCR approach has 

been validated with amplification of cDNA for gene expression profiling (Makrigiorgos et al. 2002) and 

genomic DNA for array-CGH profiling  (Wang et al, submitted for publication). 

 

II. MATERIALS  

 

 Nla-III (Cat. No. R0125S), DpnII (Cat. No. R0543S), Sau3A (Cat. No. R0169S) and T4 DNA 

ligase (Cat. No. M0202T) were purchased from New England Biolabs.  Advantage 2 PCR Kit 

(K1910-1) and TITANIUM Taq PCR Kit (K1915-1) were purchased from BD Biosciences.  RNeasy 

Mini Kit (Cat. No. 74104) and QIAquick PCR Purification Kit (Cat. No. 28104) was purchased from 

QIAGEN.  SuperScript Double-Stranded cDNA Synthesis Kit (Cat. No. 11917-020) was purchased 

from Invitrogen.  Picogreen dsDNA Quantitation reagent (P-7581) was purchased from Molecular 

Probes.  Linkers were synthesized from Oligos Etc.  PCR reactions were performed with a TechGene 

thermocycler (TECHNE).  

 

III. PROCEDURES 
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1. Double-strand cDNA synthesis.  The protocols recommended by the manufacturers were used to extract 

total RNA from breast or prostate cells (RNeasy Mini Kit), to reverse transcribe to cDNA using  

Oligo(dT)12-18 primers, and to synthesize double stranded cDNA (SuperScript Double-Stranded cDNA 

Synthesis Kit).  

 

2. Balanced-PCR protocol.  This procedure is a modification of the one originally reported (Makrigiorgos 

et al. 2002), and can be used for amplification of either cDNA or whole genomic DNA.  The procedure 

has been tested with starting amounts of 1-10 ng total mRNA and with 1-10 ng of total genomic DNA 

extracted from target (e.g. tumor) and control (e.g. normal tissue) cells.    

 

Steps: 

1. Digestion.  The protocol described here employees either NlaIII or DpnII/Sau3A for double 

stranded cDNA digestion.  Mix 1 µl of 10 ng/µl cDNA from the target cells (e.g. tumor) or from the 

control cells (e.g. normal tissue) with 0.5 µl of 10x T4 DNA ligase buffer, 0.5µl of 10 U/µl 

NlaIII/DpnII/Sau3A, and 3 µl of H2O.  Incubate this mixture at 37oC for one hour. 

 

2. Ligation. Add 0.5 µl of 10x ligase buffer, 0.3 µl of 2.8 µg/µl linker, and 3.7 µl H2O into 

digestion solution.  For digestion with NlaIII, linker LN1 is used for control and LN2 for target cDNA 

(Table I).  For digestion with DpnII or Sau3A, linker LN1 and an equimolar amount LN1a are used for 

ligation to the control cDNA; and linker LN2 and an equimolar amount of LN2a are used for ligation to 

the target cDNA (Table II).  Anneal the appropriate linkers to cDNA by serially decreasing temperature 

of the sample from 50 oC to 10 oC at 5 oC ramp in 5 minute steps.   Then add 0.5 µl of 2,000U/µl T4 

DNA ligase and incubate at room temperature for 1 hour. 

 

3. Purification. Mix together cDNAs ligated to different linkers and purify the mixture with a 

QIAquick PCR Purification Kit.  Purification is not needed if only a fraction of the ligation mixture 

(e.g. 10% of the total volume) is used in the subsequent co-amplification PCR reaction. 

 

4. Co-amplification PCR.  To 20 µl of purified-ligated DNA, add 5 µl of 10x Advantage 2 PCR 

Buffer, 1 µl of 50x Advantage 2 Polymerase Mix, 1 µl of 50x dNTP mix (10 mM ea.), 1 µl of 10 µM 

common primer P1 and 22 µl of H2O.  PCR is performed at 72 oC for 8 minutes; 95 oC for 1 minute; 20 
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cycles of 95 oC for 30 seconds and 72 oC for 1 minutes; then 72 oC for 5 minutes.  Purify PCR product 

twice with QIAquick PCR Purification Kit and elute the DNA in 50 µl of H2O.  Quantify cDNA 

concentration with Picogreen.   This procedure usually yields 2-3 µg cDNA from an original material 

of ~5 ng cDNA. 

 

5. Separation.  Mix 1 µl of 3 ng/µl DNA with 5 µl of 10x TITANIUM Taq PCR Buffer, 1 µl of 

50x TITANIUM Taq Polymerase, 1 µl of 50x dNTP Mix (10 mM ea.), 5 µl of 4 µM P2a for LN1-

ligated  cDNA  or P2b for LN2-ligated cDNA, and 37 µl of H2O.  Separate and amplify cDNA at 95 oC 

for 1 minute; 10 cycles of 95 oC for 30 seconds and 72 oC for 1 minute; and 72 oC for 5 minutes.  Each 

10-cycle PCR reaction is expected to produce 1-1.5 µg cDNA.  Scale the number of individual reactions 

as needed to produce the desired total amount of amplified cDNA.  

 

 

IV. EXAMPLES 

 
Microarray screening for prostate and lung cDNA, before and after balanced PCR.  As an example of  

balanced PCR’s ability to retain the difference among alleles between two cDNA populations, 

microarray studies of human prostate (representing the ‘target’) and lung-derived cDNA (representing 

the ‘control’) were employed.  Digested cDNA was ligated to linkers, and directly screened on the 

Affymetrix GenechipR Cancer microarrays following the procedure we described earlier (Zhang et al. 

2001).  Next, prostate and lung cDNA samples were 1:1 mixed, and amplified via balanced PCR for 

three consecutive PCR rounds of 20 cycles each.  The samples were then separated using the procedure 

of Figure 1 and screened on microarrays.   The ratio of signal intensities after balanced PCR was plotted 

versus the same ratio prior to balanced PCR (Figure 2, Frame A).  The ratio of expression levels for the 

majority of genes remained relatively unchanged after balanced PCR, as indicated by the distribution of 

data in Frame A (R2=0.92).  Next the experiment was repeated the ‘traditional’ way, i.e. by PCR-

amplifying separately the prostate and lung cDNA samples and screening each on microarrays (Figure 

2, Frame B).  The data indicate that, for a substantial fraction of genes the ratio of expression levels is 

substantially different from the original one, presumably due to PCR-introduced changes in the original 

relative expression levels among prostate and lung (R2=0.38).   
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In Figure 3, A and B, the comparison between balanced-PCR and conventional PCR is 

depicted for 30 genes that presented the highest up-regulation in prostate versus lung.  Most are widely  

known prostate – specific genes, such as the prostate specific antigen (PSA), prostatic acid phosphatase, 

and prostatic kallikrein.  Figure 3 frame A indicates a good retention of the relative expression levels 

before and after balanced-PCR for almost all these genes (correlation coefficient=0.800).  In contrast, 

Figure 3 frame B demonstrates that distortions are introduced if the samples are amplified separately, 

using conventional PCR, presumably due to a PCR-introduced change in the original relative expression 

levels among prostate and lung (correlation coefficient=0.28).  Genes important to prostate cancer 

development, such as prostate–specific antigen (PSA) and prostatic acid phosphatase are overestimated 

by more than a factor of 10 when amplified via traditional PCR but correctly quantitated when amplified 

via balanced-PCR prior to microarray screening.  Of all 407 genes considered the percent of genes that 

had their relative signal change by more than two-fold or by more than 1.3-fold after performing PCR 

amplification is depicted in Figure 3 frame C.  Since the deviations observed using balanced-PCR are 

less or equal to the microarray – related deviation (established by repeated application of a single sample 

on different arrays (Makrigiorgos et al. 2002)) it is concluded that balanced-PCR introduced minimal  

distortion in the relative expression among prostate and lung (i.e. balanced-PCR error < array error).   

 

V. POTENTIAL PITFALLS USING BALANCED-PCR 
 

• Efficiency of enzymatic treatments. A requirement for the success of balanced-PCR is that  

treatment of target and control DNA is identical at all stages prior to mixing the samples.  We 

conducted control studies and we included internal standards for digestion using Sau3A and 

ligation to derive the efficiency of digestion and ligation steps (Makrigiorgos et al. 2002).  

Both were found to be more than 95% efficient.  However, if the enzymatic efficiency is 

reduced due to degradation of the enzyme stocks, impurities, or due to methylation sensitivity 

bias may be introduced in the first step of the procedure.   This can be avoided by using freshly 

obtained enzymes that are highly efficient and that are not sensitive to mammalian CpG 

methylation. 

 

• Post-PCR separation.  Another assumption is that the low-cycle PCR used for re-separation of 

the two genomes following the common PCR step does not produce distortions among DNA 

samples.  It is in principle possible that this PCR might itself produce some bias among alleles in 
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the two populations.  In practice however we have found that this 10 cycle separation PCR does 

not introduce significant distortion among alleles differing by at least 50-fold in initial 

concentration in any of the systems examined   (plasmid, genomic DNA, cDNA, (Makrigiorgos 

et al. 2002)).  However, it is not recommended to increase the separation-PCR cycles to beyond 

10. 

 

• The effect of mutations and polymorphisms: Balanced PCR uses templates from enzyme-

digested fragments.  If mutations occur within the restriction sequences in the target or control 

cDNAs then the enzyme will not digest at that position, but will act in the next available 

restriction sequence.  As a result, certain gene fragments in the target genome will be different in 

size from their alleles in the control genome and PCR amplification may introduce bias if the 

fragment sizes are too different.  Mutations that occur specifically at the restriction sites are not  

frequent.  The most common form of mutations is single nucleotide polymorphisms (SNPs) 

which, between two given genomes, occur with a frequency of about 1:1000 bases.  The chances 

that a 4-base cutter enzyme used in balanced PCR encounters a SNP is roughly 4/1000 = 0.4%, 

and therefore it would affect only a small fraction of the sequences amplified.  Since several 

SNPs are already tabulated in databases and more will become known in the near future, one can 

use computational methods to predict which restriction sites will be altered due to a SNP in order 

to anticipate potential PCR-bias at these positions.   If these sequences are vital, one may 

perform balanced PCR using a different restriction enzyme.   

 

ACKNOWLEDGMENTS.  Funding for this work was provided in part by DOD grant BC020504. 
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FIGURE LEGENDS 

 

Figure 1: Outline of balanced-PCR amplification of cDNA or genomic DNA (reproduced with 

permission from Nature Publishing Group). 

 

Figure 2: Comparison of relative expression of lung vs prostate tissue on microarrays, before and 

after PCR amplification.  Frame A, amplification conducted using the current balanced-PCR 

method.  Frame B, amplification conducted by performing conventional PCR, separately on lung 

and prostate cDNA samples. 

 

Figure 3: Comparison of relative expression of lung vs. prostate specifically for the 30 genes 

highest-upregulated in prostate vs. lung.  Frame A, amplification conducted using the current 

balanced PCR method.  Frame B, amplification conducted by performing conventional PCR, 

separately on lung and prostate cDNA samples.  Frame C. Fraction of genes whose relative 

expression among prostate and lung changes by more than 100% (columns 1-3) or 30% (columns 4-

6) following PCR amplification.  Columns 1 and 4, repeated application of the same sample on 

microarrays.  Columns 2 and 5, amplification via balanced-PCR.  Columns 3 and 6, amplification 

via conventional PCR (reproduced with permission from Nature Publishing Group).  

 

Tables I and II: Linkers and primers used in conjunction with NlaIII DNA digestion (Table I) or 

DpnII/Sau3A digestion (Table II).  
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Table I. Sequences of Linkers and Primers used in conjunction with Nla-III digestion 
 

 Sequences (5'-3') 
LN1 AACTGTGCTATCCGAGGGAAAGGACATG
LN2 AACTGTGCTATCCGAGGGAAAGAGCATG
P1 AGGCAACTGTGCTATCCGAGGGAA 
P2a AACTGTGCTATCCGAGGGAAAGGA 

Linkers &  
Primers 
 
 P2b AACTGTGCTATCCGAGGGAAAGAG 
 

Table II. Sequences of Linkers and Primers used in conjunction with Dpn-II or Sau3A digestion 
 

 

 Sequences (5'-3') 
LN1 AACTGTGCTATCCGAGGGAAAGGACATG
LN1a GATCCATGTCCT 
LN2 AACTGTGCTATCCGAGGGAAAGAGCATG
LN2b GATCCATGCTCT 
P1 AGGCAACTGTGCTATCCGAGGGAA 
P2a AACTGTGCTATCCGAGGGAAAGGA 

 Primers & 
Linkers            

P2b AACTGTGCTATCCGAGGGAAAGAG 
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